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Abstract
Mid-infrared light emitting diodes and quantum cascade lasers are of increasing 
interest due to their promising applications. They can be used in detecting and 
monitoring pollutant gases such as methane (CH4) and carbon dioxide (CO2). Such 
devices are preferred for these purposes due to their potential for high sensitivity for 
detecting gases, long device lifetime, and potential low-cost.
Mid-infrared light emitting diodes emitting at a wavelength of 3.7 pm based on the 
pentanary alloy GalnAsSbP engineered to provide a favourable band structure for 
the suppression of non-radiative Auger recombination were investigated. 
Temperature dependence measurements were made to investigate the performance 
of these LEDs. Hydrostatic pressure measurements at room temperature and at 100 
K were used to tune the band gap towards resonance with the spin-orbit splitting to 
investigate the influence of the hot-hole (CHSH) Auger process on LED 
performance. Analysis of the resulting electroluminescence showed that while 
Auger recombination related to hot electrons occurs, it confirms that the non- 
radiative Auger recombination process involving the spin-orbit split-off band 
(CHSH) is suppressed under ambient conditions.
In order to identify the performance limitations of lnGaAs/AlAs(Sb) quantum 
cascade lasers, experimental investigations of the temperature and pressure 
dependencies o f the threshold current {Itj^  were undertaken. Using the theoretically 
estimated optical phonon current {Iph) and calculated carrier leakage {Iieaù a 
function of pressure the measured pressure dependence of the threshold current 
showed that electron scattering from the upper laser level into the L valley minima 
gives rise to the increase in Ith with pressure and temperature. It was found that this 
carrier leakage path accounts for approximately 3% of Ith at RT and is negligible at 
100 K. However, it is shown that even this small leakage current causes strong 
temperature sensitivity of the devices and limits their maximum operating 
temperature.
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wavelength (A,) (as X is related to the well width).
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5.2.5 Improvement of QCLs; (a) shows the improvement of slope 
efficiency of LiGaAs/AlAs(Sb) at room temperature with pulse 
operation and (b) shows slope efficiency at the room 
temperature CW operation of InGaAs/AlInAs. The main 
different between these two different materials QCLs is that the 
InGaAs/AlInAs is good at the range of 4-5 pm of wavelength 
whilst LiGaAs/AlAs(Sb) is good at the wavelength range of 3-4 
pm. However, the latter are not able to emit in CW at RT until 
writing this thesis.
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5.2.6 Schematic diagrams of the band offset AEc of (a) In  ^^ Ga  ^^ As/ 
A'o> 0  A®’ (b) AlAs„ ^  and (c) InAs/AlSb 
QCLs with showing the lowest satellite conduction band 
minima X and L.
After
[15]
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5.2.7 Schematic diagram of the effect of the F-X/L separation and the 
population inversion. In the case of a large separation (a), the 
probability of a carrier scattering to L or X minima from the 
upper laser level is less likely compared to that of having a 
smaller separation (b) or L/ X being under Eui (c).
After
[15]
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5.2.8 Band profile of QCLs containing the band edges of both 
quantum wells and barriers and wavefimctions of energy levels 
of (a) deep well design, (b) a design of deep well active region 
with injector and relaxation regions[27], (c) tapered active 
region design[28] and (d) shallow well active region design 
[29]. Transition occurs between level 4 and level 3 in (a), (b) 
and (c) whereas it occurs between level 3 and level 2 in (d).
153
5.2.9 Simple plot of basic calculation of the F, X and L energy levels 
of InGaAs for different fraction of InGaAs with no
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consideration of strain effect on these levels. Parameters 
involved in this calculation were taken from ref. [30]
5.3.1 Microscopic image of a sample of the devices (a), SEM picture 
which shows the edge of one device (b) and an SEM picture 
shows the device ridge and layers (c).
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5.3.2 Calculated conduction band profile of device M3593 under field 
for two active regions and one injector of 
InO.7 Gao.3As/AlAso.8Sbo.2- The lasing transition is marked by the 
arrow.
[31] 159
5.3.3 Band structure under electric field of device M3594, the arrow 
indicates to vertical laser transition from the upper laser level to 
the lower laser level.
[32] 160
5.4.1 L-I measurements results of devices M3588 (top) and M3593 
(bottom) showing the threshold Current density at various 
temperature with the highest intensity reached before the 
saturation point of the detector.
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5.4.2 Threshold current density as a function of temperature for our 
quantum cascade laser devices.
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5.5.1 Normalised smoothed intensity of photon energy spectrum 
graph of device M3588 at different temperatures
168
5.5.2 Temperature dependencies of photon transition energy of the three 
QCLs. The inset graph is a smoothed photon energy spectrum 
graph of device M3588 at different temperatures. The three lines 
(black, blue and red) in the graph are the temperature 
dependencies of the photon transition of the devices M3588, 
M3594 and M3 593 respectively.
168
5.6.1 Normalised measured threshold current of M3588 at room 
temperature and 100 K. Red squares indicate the normalised 
threshold at room temperature while the blue squares indicate 
the normalised threshold at 100 K.
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5.6.2 Schematic diagram of the different current pathways 
contributing to the threshold current of InGaAs/AlAs(Sb) QCLs. 
Process 1 represents the non-radiative intersubband relaxation 
via the LO phonon scattering. Process 2 represents the carrier 
leakage from the T-laser level to the upper indirect L-minima
[33]. 171
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via inter-valley scattering.
5.6.3 Different fitting (as a function of pressure) of different fraction 
(x) of the contribution of leakage current to the threshold current 
at ambient pressure at 100 K and room temperature (300 K). 
The fitting lines of 0.014% and 3% were indicated by dot lines 
are corresponding to our obtained experimental results.
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5.6.4 Normalized threshold current of InGaAs/AlAs(Sb) QCL at RT 
(squares) and lOOK (triangles) as a function of pressure. The 
dashed line presents the calculated non-radiative current via LO 
phonon scattering. Dash-dotted lines show the variation of 
current due to the carrier leakage into the L-valley calculated 
from Eq. (2.16.1). The solid lines are a best fit to the measured 
data using Eq. (2.16.3) and x = 0.03 at RT and x = 0.00014 at 
lOOK
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5.6.5 Plot of contribution of leakage current to the threshold current 
as a function of pressure at 100 K when x=0.0014 (blue line 
related to the right scale) and at room temperature when x=0.03 
(red line related to the left scale).
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5.6.6 Extrapolation of proportional leakage current to the threshold 
current as a function of applied pressure.
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5.7.1 Normalised intensity of photon energy spectra for several 
pressure values with the peaks values. Two peak spectra 
occurred as a result of optical multi-mode competition in the 
laser cavity.
179
5.7.2 Measured lasing energy of InGaAs/AlAs(Sb) QCLs (extracted 
for figure 5.7.1) as a function of pressure at room temperature. 
The increase rate of laser energy with pressure is -0.603+0.037 
meV/kbar.
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5.7.3 Conduction band effective mass versus bandgap for different 
III-V binaries. Note that the solid line is predicted by k-p theory
180
5.8.1 Plots of calculations of the energy levels of the Eui, X and L of 
LiGaAs/AlAs(Sb) according to the data available in the 
literature as a function of the applied pressure. The inset plot 
illustrates the separation between the upper laser level and the X
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and L. A pressure of ~5.7 kbar appears to make the device not 
operating but the observation did not agree with that which 
indicates uncertainty of the energy level of the X minima.
5.8.2 Schematic plot of the conduction band under 125kV/cm electric 
field with the date produced by Nextnano software of the band 
edges of the device M3 588 at 300 K showing the AEc-1.5 eV.
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5.8.3 Schematic of calculated the probability of the energy position of 
L and X inter-valley minima in InGaAs/AlAs(Sb).
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5.8.4 Energy values of Eui, L and X as a function of pressure 
depending on the separation energy values given by Nextnano 
and the pressure coefficients mentioned above. Inset graph 
shows the separation energy between the Eui and L/X as a 
function of pressure.
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C h a p t e r  o n e :  introduction
1.1 Introduction
Since the realisation of the fact that thermal radiation is a part of the 
electromagnetic spectrum, the infra-red (IR) (-0.7 to -30  pm) became well studied. 
This range of IR was divided into three main regions; near infrared (NIR) (-0.7-2.0 
pm), mid infrared (MIR) (-2.0-5.0 pm) and far infrared (FIR) (-5.0-30pm).
The mid infrared spectral region (particularly from 2.5 to 15 pm) is o f key 
importance for several applications such as monitoring environmental pollution and 
gas sensing. There are a number of environmental pollutant gases which absorb in 
the mid infrared range. These gases, such as nitrous oxide (N2O), sulphur dioxide 
(SO2), methane (CH4), carbon dioxide (CO2), ozone (O3) and water vapour (H2O), 
are present in the atmosphere and can cause greenhouse effects, which in turn may 
have a great impact on the Earth’s temperature changing the weather and causing 
flooding and drought. As these gas molecules have the ability to absorb a wide 
range of wavelengths that come from the Sun or the Earth ranging from -  0.2 to 4 
pm then re-emit in the infrared region and cause an increase the Earth’s 
temperature. Each gas can absorb radiation with a specific wavelength according to 
the molecule’s vibrational and rotational frequencies [34]. This makes it possible to 
detect and monitor the presence and concentration of these gases based on the 
absorption spectrum. For example, methane, CO2 and H2S can absorb radiation at 
wavelengths of 3.3, 4.2 and 3.8 pm respectively. Figure 1.1 shows the mid-IR 
absorption spectrum of the gases that contribute to the greenhouse effect or air 
pollution.
According to the figure, most o f the mid-IR wavelengths absorbed by these gases 
are in the range of 3.2 to 4.7 pm. Therefore, optical mid-IR devices can potentially 
be used to detect and monitor these gases by several optical methods and 
techniques. Research devoted to improve optical devices for gas sensing or 
monitoring, based on light emitting diodes (LEDs) or lasers are increasing in
interest due to several features such as potential low cost, operating long lifetime 
and reliability. In this chapter, a brief description of infrared sources will be 
discussed followed by the advantages of using optical sources for gas sensing and 
monitoring in the mid infrared region. Applications based on quantum cascade 
lasers (QCLs) emitting in the mid infrared region will briefly be illustrated and 
discussed. The outline and aim of this study will then be discussed.
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Fig 1.1.1 Transmission percentage of electromagnetic radiation in mid infrared spectrum of 
different gases [1].
1.2 Infrared detectors for detecting and monitoring gases
There are several types of mid infrared detectors that can be used in conjunction 
with infrared sources such as tungsten lamps and Nernst Glower sources.
semiconductor sources such as LEDs and lasers to detect gases. These detectors 
can be classified into two groups; thermal and photonic detectors [35].
Thermal detectors include the pyroelectric detector and the thermopile detector. The 
detectivity o f both types is almost the same (-10^ cm Hz^ ^^ /W) [36]. However, the 
main disadvantage of this type of detector (thermal detectors) is the decrease in the 
voltage response when the frequency of the incident beam is above a few Hertz 
[35].
Photonic detectors including photovoltaic and photoconductive detectors are both 
based on semiconductor materials. In photovoltaic detectors, the voltage is 
delivered across a p-n junction when illuminated whereas in photoconductive 
detectors, the current flow is proportional to the irradiance after applying an electric 
field across the absorbing region. Both of the detectors can cover the mid-infrared 
with high detectivity at cryogenic temperatures (-10^^ cm Hz^ ^^ /W). However, 
photodiodes can be used at room temperature with reasonable detectivity (<10  ^ cm 
Hz^ ^^ /W) at wavelengths around 4pm [35, 37].
1.3 Mid-infrared (MIR) light emitting diodes (LEDs)
Nowadays, Mid-infrared (2-5 pm) (MIR) Light Emitting Diodes (LEDs) are of 
increasing interest due to the variety of their technologically important applications 
including molecular spectroscopy, gas sensing and monitoring environmental 
pollutant gases (as previously shown in figure 1.1). Industrial process control and 
non-invasive medical diagnosis are also examples of the wide applications o f MIR 
technology [1].
The main advantage o f using MIR LEDs is that they can be employed to detect 
gases in this region. Thus they can be used as atmospheric pollution monitors, gas 
leakage detection and exhaust gas analysers [38]. Such applications require high 
optical power, high efficiency of the output intensity and a small spectral width that 
can be achieved by LEDs compared to the spectral width of other thermal radiative 
sources .These requirements can be fulfilled by semiconductor devices. However, 
the output efficiency of such devices is low due to non-radiative recombination
processes in narrow bandgap materials such as InAs and related alloys and a density 
of states imbalance which can effectively lead to a strong non-radiative Auger 
recombination and inter-valence band absorption. This makes uncooled room 
temperature operation difficult to achieve [39]. This will be discussed in detail in 
chapter 4.
1.4 Advantage of Quantum Cascade lasers (QCLs) in the MIR
There are several applications relevant to QCLs particularly in the THz region such 
as imaging and bio-chemical sensing [40]. However, in the MIR there is a wide area 
of applications based on mid infrared QCLs. The performance of long wavelength 
interband LEDs and lasers are usually degraded by non-radiative Auger 
recombination and optical losses. However, unipolar devices such as quantum 
cascade lasers (QCLs) utilise only one type of carrier (electrons) to generate 
stimulated emission using electron transitions between different levels in the 
conduction band. Therefore all hole and valence band related to loss mechanisms 
affecting the performance of inter-band lasers are eliminated in QCLs.
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Fig.1.5.1 Approximately covered spectral area by several lasers. QCLs almost cover the all MIR 
region [2].
This has successfully removed the non-radiative Auger recombination problem 
plaguing interband lasers in the mid infrared region [41]. Another considerable 
advantage of QCLs is that they emit laser light over a wide spectral range in the 
MIR region (and THz region) compared with other types of lasers as can be seen in 
figure 1.5.1. This is very attractive lasers to be used in a wide area of applications.
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Fig.1.5.2. Diagram of achieved lasers emitting at the range of wavelength in the upper part with the 
low performance lasers (hatched region) and the predicted candidate QCLs in the lower part to 
cover the gap [3]. Recently, the gap is almost covered with pulsed lasers (except InAs/AlSb-GaSb) 
but the wavelength 2.5-3.5 pm is still not covered by CW QCLs with performance as good as that 
for longer wavelength.
In spite of the high demands for laser applications in the 3-5 p,m range of 
wavelength, there was a gap in the short wavelength lasers as illustrated in the 
figure 1.5.2 and reported in 2004 by Sirtori et al. This shows the lack of such good 
performance lasers at that time which can be covered by InGaAs/AlAsSb InP-base 
quantum cascade lasers emitting at 3-5 pm [3].
However, although the QCLs have been improved substantially since the 
demonstration of the first device in 1994 [42], some of these QCLs particularly 
those emitting in the short mid infrared region (1=2-4 pm) suffer from several 
problems. These include an increased threshold current with increasing temperature,
lacking CW operation at room temperature or low maximum operating temperature, 
particularly at wavelengths around 2.5 pm.
1.5 The aim and outlines of this study
As mentioned above, semiconductor emitters in the mid-IR range are of interest due 
to several important factors such as low-cost materials and long lifetime operation. 
However, the limiting processes that degrade the semiconductor emitter 
performance and efficiency presently restrict the use of such devices in several 
applications such as gas sensing and monitoring. Therefore in this research we 
aimed to investigate the performance limitations of mid-infrared light emitting 
diodes, particularly non-radiative Auger recombination processes that decrease the 
radiative efficiency and hence affect their output intensity at room temperature. 
Understanding such processes gives a good route to improve their performance. 
This aim was extended to include an investigation of the distinctly different 
limitations of QCLs when operated at room temperature where they currently need 
high current to operate. Understanding such limiting processes can also lead to 
improve laser design with better performance, particularly at room temperature. 
Therefore an experimental study was conducted to achieve the aim o f this research.
The research discussed in this thesis is organised as follows: chapter one provides a 
brief introduction to mid-IR semiconductor emitters, followed by the relevant 
theory to this research which is described and discussed in chapter two (the theory 
chapter). Chapter three is dedicated to describe, explain and discuss the techniques 
and instruments used to perform the experimental measurements included in this 
research. Chapter four illustrates and discusses the results obtained experimentally 
and theoretically of InGaAsSbP/InAsSbP LED devices which confirm and identify 
the limiting processes that degrade the efficiency of the output intensity o f MIR 
LEDs. This chapter also includes a useful review of the most important 
achievements and improved LED performance in the mid-IR range. Chapter 5 is 
devoted to illustrate and discuss InGaAs/AlAs(Sb) QCL experimental results that 
showed an increase in the threshold current density of these devices with increasing 
temperature and proved that this increase is due to carrier scattering into the lowest
satellite L valley. This chapter also includes key improvements achieved in QCLs 
emitting in the mid-IR range.
The final chapter concludes this study and suggests future work for extending and 
broadening this work.
Chapter two: Theory
2.1 Introduction
Semiconductor emitters (light emitting diodes (LEDs) and lasers) are widely used in 
a large number of technological applications such as lighting, communications, 
detecting and monitoring gases, and medicine [25, 35]. In the mid infrared region 
LEDs are considered as good sources for optically monitoring pollutant gases such 
as CH4 and CO2 due to the low-cost of semiconductor materials and their long­
lifetime [43]. In this chapter, the basic theory of semiconductor LEDs and lasers, 
particularly Quantum Cascade Lasers (QCLs) will be discussed. It will be followed 
by the background theory related to the results discussed in chapter 4 and 5 for mid- 
inffared (MIR, 2-5 pm) LEDs and QCLs. This will include a description and 
discussion of band structure, Fermi-Dirac distribution, density of states, strain, p-n 
junction and the carrier transition processes. Optical gain and the threshold current 
will be then addressed with a discussion of carrier confinement and gain for 
achieving population inversion. Radiative and non-radiative recombination 
processes that affect emitter performance in MIR range, particularly Auger 
recombination in the LEDs will be discussed followed by the Z analysis. The basic 
operating principle of QCLs, particularly the mechanism of population inversion 
will be discussed, followed by a discussion on the influence of temperature and the 
impact of application of hydrostatic pressure on carrier scattering to inter-valley 
minima including the model used to calculate the carrier leakage of QCLs in this 
study.
2.2 Band-structure
The fundamental bandgap Eg of semiconductors is defined as the energy separation 
between the lowest empty conduction band and the highest occupied valence band. 
The relationship between the momentum of carriers k and their energy can be given 
by the following expression [44]
£-(/c) = 2m* (2 .2 .1)
where h is the reduced plank’s constant { h  =  — ) and m is the effective mass of an2n
electron in the crystal. It can be also defined according to the relation below as the 
dispersion of band curvature reflects the inverse of the effective mass of carriers:
m*
d^ E
h^ dk^ (2.2 .2)
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Fig. 2.2.1 Schematic of E-k band structure showing the conduction band (CB), and the valence band (VB) 
which includes the heavy hole (hh), light hole (Ih) and spin-orbit (SO) band. The separation between CB and 
VB is called direct band gap at k=0. The indirect bandgap is at k?^ 0. The separation between hh-band and SO- 
band is called spin-orbit splitting (ASO).
Thus, the curvature of conduction band (CB) is larger than that of heavy holes as 
shown in figure 2.2.1 and is due to the fact that the effective mass of CB electrons is 
smaller than that of holes.
Figure 2.2.1 shows the conduction band and the valence band (which contains three 
bands; heavy hole, light hole and spin-orbit splitting bands). Bandgaps in
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semiconductor materials are classified into two categories, direct bandgap and 
indirect bandgap.
In direct bandgap semiconductor materials such as InAs, the minimum CB is at the 
same k value as the valence band (VB) maximum. However, for indirect bandgap 
materials such as silicon, the CB minimum and the VB maximum occur at different 
k. The energy difference between the conduction band and valence band edges 
determines the bandgap. The spin-orbit splitting ASO is the energy difference 
between the heavy hole band and the spin-orbit band at kr=Q. The lowest conduction 
band in the direct band III-V materials occurs at F {k=0) while in the indirect 
bandgap material, L or X valley minima is the lowest conduction band at 
Heavy hole and light hole bands are degenerate bands in the valence band for bulk 
unstrained semiconductor materials. The spin-orbit band is formed due to the fact 
that the electrons in the valence band are very close to the atom nucleus and hence a 
magnetic field formed by the interaction between electrons and the nucleus results 
in the splitting of the valence band [45] and with heavier nuclei giving rise to a 
larger splitting. This splitting can be important in terms of Auger recombination as 
will be described later.
2.3 Fermi-Dirac distribution
The Fermi-Dirac distribution is a probability statistics that gives the probability of 
states in the conduction band and valence that can be occupied by electrons having 
energy B. Therefore, the Fermi-Dirac distribution is given as a function of energy:
where, Ep is the Fermi level, T is the absolute temperature and kp is the Boltzmann 
constant. The Fermi level defines the energy of which the occupation probability is 
50%. The above equation gives the probability o f occupancy of electronic states in 
the conduction band. In the valence band the occupation probability equals 1 but is 
almost 0 in the conduction band for un-doped semiconductor materials at T=0 K.
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For semiconductors under non-equilibrium conditions (such as under an external 
electric field), the quasi Fermi levels define the carrier occupation probability [8 , 
46]. For the conduction band at Eq, the electron occupation probability is given by
with the occupation probability at the conduction band quasi Fermi level Epc as V2 . 
Similarly, for the valence band at By, the electron occupation probability is given by
with the occupation probability at the valence band Fermi quasi level Epv as V2 .
2.4 Density of states (DOS)
The DOS (yo) describes the number of states per unit o f energy at an available 
energy level that can be occupied by carriers. In this section, bulk (three 
dimensional) and quantum-well (two dimensional) semiconductor density o f states 
will be discussed and the influence of the dimensionality will be highlighted.
2.4.1 Density of states of bulk semiconductors (3-D)
In bulk semiconductor materials, electrons can move freely in all three dimensions 
(3-D). The energy states which can be occupied by electrons in the conduction 
bands or in the valence band from a continuum in bulk materials.
The DOS in the three dimensional materials can be expressed as:
P3d (£ ) =  ^  Ecy) (2.4.1)
for E >  Ecy.
It can be seen from the figure 2.4.1 and the equation 2.4.1 that the density of state of 
three dimensional materials is energy dependent and also dependent on the effective 
mass. The valence band has a larger effective mass than that of the conduction 
band. Hence the density of states will be larger at the edge of valence band 
compared to the conduction band edge. This can cause imbalance in the carrier
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density which in turn can increase the probability of having non-radiative 
recombination processes as discussed later.
DOS (E)
3-D
EE,c.v
Fig.2.4.1 Density of states for bulk semiconductor materials.
The carrier density {n and p) in this case can be obtained by multiplying the density 
of states by the probability of states being occupied according to the Fermi-Dirac 
distribution and then sum the product over all the states. Thus the carrier density for 
electrons in the conduction band and holes in the valence bend will be [8 , 47]:
n =  / “ p(E)-Ffc(E)dE 
V =  C P(E) • (1 -  Fv(E))dE
(2.4.2)
(2.4.3)
Figure 2.4.2 shows a schematic at low temperature of the density of states in a bulk 
semiconductor material indicated in blue. The Fermi-Dirac distribution is depicted 
in black and their product which produces the carrier densities for both electrons 
and holes are plotted in green.
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Fig.2.4.2 Schematic of the DOS for both electrons and holes (blue curves), the Fermi-Dirac 
distribution (Black curve) and the carrier density of electrons and holes (green curves), at low 
temperature.
The carrier density (n andp) (under the Boltzmann approximation) can be given by:
(2.4.4)n = ni
and
P = e x p ( M ) (2.4.5)
where rii is the intrinsic carrier concentration.
2.4.2 Density of states of two dimensional semiconductor materials (2-D)
For two dimensional materials such as quantum wells (QW s), the electrons are free 
to move in two dimensions (Lx and Ly) while their movement is restricted in the 
third direction (Lz) confined by the potential (quantum-) well resulting in a two- 
dimensional density of states (D0 S2d) as shown in figure 2.4.3. A QW can be
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obtained by sandwiching a very thin narrow bandgap material by a wide bandgap 
material. As the quantum well width becomes narrower and comparable to the 
dcBroglie wavelength, the energy states become quantized forming discrete energy 
levels El, E2 and Eg shown in figure 2.4.3, and as a result confine the carrier in one 
direction due to the well potential [8 , 48]. However, the carrier is not confined in in­
plane directions.
DQS (E)
2-D
EEc,v
Fig.2.4.3 Schematic of the DOS for two dimensional semiconductor materials (QWs). The energy 
levels are discrete.
The expression of the Pzo can be also derived by the same method of pg^. The 
expression for the p2 D for a given quantum number (n) and thickness (ZJ of 
quantum well [8 , 46] :
P2d (E) =
4T rm * n
h2 (2.4.6)
This relationship indicates that P2D of quantum wells is energy independent [44] 
and hence the density of states appears in the figure 2.4.3 as step function. This 
means the density of states depend merely on the effective mass of the sub-band.
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2.4.3 Imbalance of density of states
The density of states of the valence and conduction bands plays an important role in 
the performance of devices [4, 49-51], Due to the difference in conduction band and 
valence band effective masses, the density of states will be different. The imbalance 
will be much larger as the bandgap decreases because the conduction band becomes 
much lighter [4] as the effective mass becomes smaller.
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Fig.2.4.4 Diagram of (a) band structure and (b) density of states of a bulk InAs at room temperature 
showing the Fermi levels above their position compared to the ideal diagram where the Fermi 
levels lie on the band edges. This change of position is due to the imbalance of density of states.
Figure 2.4.4 shows the imbalance in the density of states and the band structure in 
InAs [4, 52]. The quasi Fermi levels are shifted up compared to the ideal band 
structure where they are located near the band-edges. This is due to the imbalance in 
the density of states [4].
The small effective mass of the conduction band occurs as a result of the interaction 
between the conduction band and both the light hole and spin-orbit bands. The
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effective mass of the heavy-hole band is large because it does not interact with the 
conduction, light hole or spin-orbit splitting bands [4].
When the conduction band comes closer the valence band edge, the interaction 
between conduction band and light hole band will cause the conduction band to 
have a lighter effective mass which decreases approximately linearly with the 
energy gap as seen in the equation (2.4.7), whereas, the heavy-hole mass almost 
remains constant [4].
The effective mass of the conduction band nic can be written approximately in terms 
of the momentum matrix element P, coupling the light states o f the band edge as 
[4]:
^ « 1 + —  (2.4.7)rric moEg
2P^The magnitude of P is similar for most zinc-blende materials, thus, the value of —  
can be approximated to 20eV [4] and hence, the conduction mass will be:
nir Ea
mo 20eV (2.4.8)
where Eg is in eV.
The equilibrium Fermi energy (Ef )  estimated from the centre of the bandgap of 
bulk materials can be approximately calculated by the expression [4]:
E p = ^  +  k B T ln [ i^ f l  (2.4.9)
The ratio of the density states can be obtained from equation 2.4.9 and can be 
approximately written as [4]:
DOSy oc O '  -  e  t .io )DOSc \m c J  kgT
According to the equation 2.4.10, figure 2.4.5 shows that the ratio of the density for 
states o f the valence and conduction band increases with the decrease in the 
bandgap.
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Fig 2.4.5 Relation between the bandgap and the ratio of the density of states of the valence and 
conduction band.
2,5 The effect of strain on the band structure.
Researchers in the past were of the opinion that semiconductor devices should be 
free of strain, believing it may deteriorate the performance of such devices [8]. 
However, it was proposed in 1986, that introduction of a small fraction of strain to 
the quantum well active region of semiconductor lasers would lead to an 
improvement in their performance [7, 8 , 11, 51, 53, 54]. Because of the dependency 
of the band structure on the lattice spacing, the existence of strain affects the band 
structure and changes the lattice constant and the symmetry of the lattice [8]. Strain 
changes the density of states of the band edges owing to the effect of strain on the 
effective masses. As the application of either compressive or tensile strain can 
reduce the hole mass [54-56] , a reduction of the density of states of the valence 
band can be achieved [57]. This correspondingly decreases the imbalance of the 
density of states and results in a population inversion in lasers at a lower carrier
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density [4, 7, 11, 35], and reduces the threshold current density as shown in figure
2.5.1 for InGaAs multi quantum well lasers (MQW lasers).
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Fig. 2.5.1 The effects of strain on the threshold current and radiative and non-radiative 
recombination for 1.5 gm InGaAs InP-based MQW lasers [6].
This is due to the reduction of non-radiative recombination particularly Auger 
recombination. However, it was calculated that the optimum strain in case of 
InGaAs MQW is 1%. Therefore it was confirmed experimentally that any increase 
above 1.5% of compressive strain led to deterioration of the radiative process due to 
the increase of the threshold current density as a result of increasing non-radiative 
recombination. However, the strain required to QW emitting at X >2 pm is ~ 1.6-1.8 
% [6 , 58].
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Furthermore, since the strain can cause a reduction in the effective mass at the top 
of the valence band, the band curvature will change according to the type of strain 
(i.e. compressive or tensile) particularly the valence band heavy and light hole 
bands as shown in figure 2.5.3 [7, 8 , 11, 53, 59, 60]. This strain leads to a 
tetragonal distortion of the lattice which in turn results in a splitting in the heavy 
and light hole bands at the Brillion zone centre [7, 59, 60].
Lattice matched layers are achieved when semiconductor materials with a specific 
lattice constant are grown on top of another material (or substrate) which has the 
same lattice constant. However, when the lattice constant is different, a mis­
matched layer is formed which in turn can cause a dislocation in the layers unless 
the layer is very thin and below the critical thickness [61, 62]. For example, Ini_ 
xGaxASyPi.y becomes lattice matched to InP when y/x=2.14, compressively strained 
at InP when y/x>2.14 and tensile strained at InP when y/x<2.14 [7] . If a layer of 
InGaAs is grown on a GaAs substrate, the thickness of this layer must not exceed 
the critical thickness which is ~20 nm for these materials [7]. However, when the 
strained layer exceeds the critical thickness, the layer will relax and relieve the 
strain creating lattice dislocations [8 , 13].
The strain for a single layer can be calculated by : e =  where a^, CLi are the
lattice constant for the substrate and the strained layer respectively [62]. A strained 
layer with a percentage of - 1% is usually adequate for the modification o f the band 
structure [7].
The strain can be tensile when the lattice constant of the layer is smaller than the 
substrate lattice constant as can be seen in figure 2.5.2 (a), or compressive in the 
case of the lattice constant of the layer being larger than the substrate lattice 
constant as illustrated in figure 2.5.2 (b). The effect of strain on the band-structure 
of semiconductor materials is schematically illustrated in figure 2.5.3 which 
separately shows the impact o f the compressive and tensile strain on the curvature 
of the degenerate heavy-hole (HH) and light-hole (LH) bands. These two bands split 
into separate bands at the centre (F-point) o f Brillion zone is as a result o f stain. The 
heavy-hole band shifts to a higher energy than the light-hole band in the case of
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Fig. 2.5.2 Schematic of the deformation in the symmetry when the materials are strained (a) by 
tensile strain or (b) compressive strain.
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Fig 2.5.3 Schematic of a direct-band semiconductor band-structure (a) without introducing strain, 
(b) materials strained compressively and (c) tensile strained materials [8].
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compressive strain and vice versa in the case of tensile strain. The conduction band 
is also changed by the influence of strain. That is, the conduction band edge shifts 
to a higher energy level with the application of compressive strain while it shifts to 
a lower energy level with tensile strain [8]. The splitting of the conduction band is 
also different according to its valleys; as thcF valley is single and non-degenerate, it 
is not split by the effect of strain. The L valley also will not split in the growth 
direction (z direction) while the X valley will split into two separate valleys under 
biaxial strain [53, 63, 64]. In bulk materials the carriers distribute in the energy 
states equally in 3-D. This means every dimension of the state is occupied by one 
third of carriers. Therefore only one third of carriers contributes to laser emission. 
However, introduction of strain changes the cubic symmetry of the states and hence 
the distribution of carriers over the state will not be equal. Therefore strain can be 
employed to increase carrier occupancy in the dimensions where carriers should 
recombine to contribute efficiently to the laser emission and therefore, an increase 
in the lasing efficiency can be achieved [54, 65]. Strain also makes it possible to add 
a degree of freedom in the combination of materials to obtain other wavelengths 
that are obtained by lattice matched materials [54, 6 6 ].
2.6 p-n junction concept
When a semiconductor material from group IV in the periodic table such as silicon 
doped by adding material from group III, it becomes p-type. It becomes n-type 
when doped by materials from group VI. If these two types of semiconductor 
materials brought together, a p-n junction is created. Here, electrons diffuse from 
the high concentration (conduction band of n-type) to lower electron concentration 
(conduction band of p-type) to recombine with holes. Holes also diffuse from the p- 
type to n-type valence band to recombine with electrons. As a result o f reaching an 
equilibrium state after the depletion of carriers, a negative charge occurs on the 
edge of p-type toward the depletion region and positive charge occurs on the edge 
of n-type toward the depletion region. Hence, a built-up of potential between the 
junctions occurs [10, 11, 19, 67] as seen in figure 2.6.1 (a). When the junction is 
biased by forward current, the potential energy eVn decreases allowing more
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Fig.2.6.1 Simple semiconductor p-n junction diagram showing the valence and conduction band (a) 
at equilibrium (zero bias) where Fermi level has one energy value, and (b) under forward bias 
where Fermi level splits into two quasi Fermi levels, solid circles are electron and empty circles are 
holes.
diffusion of carriers to the depletion region and hence, the Fermi level is separated 
to be two quasi Fermi levels for valence band and Epc for conduction band) as 
shown in figure 2.6.1(b). Thus, the energy in the junction is reduced to the 
difference between the potential energy eV^ and eV.
2.7 Optical absorption and transition in semiconductors
There are three main processes of radiative transitions that occur in solid state 
materials. These are; absorption, spontaneous emission and stimulated emission 
which will be discussed in the following sections.
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Spontaneous
emission
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emission
Fig.2.7.1 Schematic showing the three radiative process when an electron moves between CB and 
VB in the semieonductor materials resulting (a) absorption, (b) spontaneous emission or (e) 
stimulated emission of a photon.
2.7.1 Absorption
In the absorption case as shown in figure 2.7.1(a), the photon is absorbed by an 
electron in the valence band and using the excess energy to transfer to a higher 
empty energy state in the conduction band. This process is generally used in photo 
detectors and solar cells.
The absorption rate can be written as [8]:
=  BabsPv(E^)fv{E^)0- -  /c(£'r +  +  hv)P{Eb^)  (2.7.1)
where, B^bs is the absorption coefficient, Py and Pc are the densities o f states of 
valence and conduction band respectively, Ey is the energy at the valence band 
edge, fy and fc are quasi Fermi functions (probability of the state being occupied
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by electrons in the valence band and conduction band respectively) and PiE^v) is 
the density o f photons having energy hv.
2.7.2 Spontaneous emission
Spontaneous emission as illustrated in figure 2.7.1(b) occurs when an electron in the 
conduction band spontaneously relaxes to an empty state in the valence band and 
recombines radiatively with a hole by emitting a photon. This process forms the 
basis of light emission in a light emitting diode (LED). LED emission occurs as a 
result o f radiative recombination between electrons and holes. When a p-n junction 
is under forward bias as shown in the figure 2 .6.1 (b), the built-in electric field 
decreases and hence further diffusion of electrons and holes through the narrow 
depletion region occurs resulting in spontaneous emission. This photon emission 
has energy approximately equal to the bandgap (Eg). Thus, the photon energy for 
spontaneous emission can be expressed as:
h v> E g  (2.7.2)
where h is the Plank constant and v  is the photon frequency [44]. Spontaneous 
emission depends on the density o f electrons in the conduction band and the density 
if  holes in the valence band. Thus, spontaneous rate can be written as [8]:
=  ^ponPc(£'v +  +  h v)0- -  (2.7.3)
where Agpon is the coefficient of spontaneous emission.
2.7.3 Stimulated emission
Stimulated emission as illustrated in figure 2.7.1 (c) can be achieved when a 
spontaneously emitted photon stimulates the emission of another similar photon 
which has the same wavelength and phase (coherent and monochromatic 
wavelength light) as a result of electron-hole recombination. This results in optical 
gain in a laser.
Population inversion is a requirement for stimulated emission which can be 
achieved only when the carrier lifetime in the conduction band is longer than the
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transfer rate of the carriers absorbed or scattered to other bands. Thus stimulated 
emission can be expressed by:
4" 4- hT;)(l -  (2-7.4)
where, Bstim is the stimulated emission coefficient. The population inversion for 
QCLs will be discussed later.
2.8 Optical gain in lasers
Optical gain is essential for lasing in semiconductor devices because it gives rise to 
optical amplification in the medium which is essential for the lasing process. The 
semiconductor laser under no bias is in an absorption state. However, when the 
semiconductor laser is biased by low current, the quasi Fermi levels move towards 
the CB and VB edges.
Gain
Gain
peak
Energy (eV)
Material loss under no injection
Absorption
Fig.2.8.1 Schematic of optical gain with energy of photons, below the bandgap the device is 
absorptive and just above the bandgap, the optical gain starts building up
Figure 2.8.1 shows a schematic of relation of optical gain and the photon energy. 
When the variation between these two levels equals the bandgap, the medium
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becomes transparent and photons cannot make optical gain. However, when the bias 
current is increased, the difference of energy between the quasi Fermi levels 
becomes greater than the bandgap such that the optical gain increases. Further 
increase of the bias current improves the gain until it reaches its peak. After this 
point the optical gain reduces as the photons are no longer in resonance with the 
lasing transition and a reduction in stimulated emission occurs.
2.9 Threshold current
As optical gain is required for lasing, the rate o f stimulated emission must be greater 
than the rate of absorption ( ). This occurs when the difference between
the two Fermi quasi levels is greater than the bandgap >  Eg). The
condition to achieve population inversion is when the semiconductor becomes 
transparent, which can be achieved only when (r'2 1 '^  = 1^ 2 )^ [8 , 6 8 ]. This means 
that the density of electrons «2 in the conduction band (higher energy level) must be 
greater than density of electrons nj in the upper valence band (lower energy level). 
This can be achieved by increasing the luminescence light intensity in the case of 
photo-luminescence (PL) or injecting current in case of electro- luminescence (EL). 
This critical value of carrier density satisfying the rate of radiative recombination 
being greater than the rate o f non-radiative recombination and absorption is called 
the laser threshold.
The applied current (I) to obtain the laser threshold is called the laser threshold 
current (Ith). It is more useful to use threshold current density (Jth) as can be seen in 
figure 2.9.1, which takes into account the dimensions of the laser cavity. Therefore, 
in order to sustain lasing, optical confinement of the electromagnetic wave is 
necessary. Optical confinement can be achieved by wave-guiding results from the 
difference between the refractive index of the materials used. Optical feedback is 
necessary to build up the light intensity inside the medium by trapping light by 
implementing mirrors in the cavity [10].
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Fig.2.9.1 L-I curve showing the spontaneous emission and the lasing emission.
2.10 Confinements required for population inversion
In order to produce efficient lasing, it is necessary to confine the carriers in the 
active region by potential energy barriers and optically confine the photons 
produced in the laser cavity.
2.10.1 Carrier confinement
The p-n junction as it was mentioned in section 2.6 of this chapter was fabricated 
from one material with different doping or two materials to form p-n homojunction 
LED and laser devices as shown in figure 2.6.1 (a). This early stage of this 
homojunction development had high losses and hence a low device efficiency. This 
optical loss issue is attributed to the fact that the carriers are not confined at the 
active region which makes it easy for the carriers to diffuse around the active region 
[11,46, 69, 70].
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In order to confine the carriers in the active region, several methods can be utilised. 
For example, the heterojunction in which two different bandgap materials forming 
the p-n junction is used to form a high potential barrier that does not exist in the 
homojunction.
Double hetero-structures (DH) such as a p-i-n junction shown in figure 2.10.1 are 
another method that provides confinement. In this case, the active region is 
sandwiched between two different materials that have larger bandgaps than the 
bandgap of the material in-between forming potential barriers to prevent carriers 
from escaping out the active region.
The optical gain and hence the output efficiency is improved in the DH. 
Furthermore, quantum wells (QWs) as shown in figure 2.10.2 or quantum dots 
(QDs) are able to provide better confinement due to the dimensionality of 3-D in 
which the electron can move [11]
L A E ,
n-tyi)e
Fig.2.10.1 Schematic of p-i-n junction for AlGaAFGaAs showing the carriers being confined by 
insertion of an intrinsic low bandgap material [9].
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Fig. 2.10.2 Schematic of unbiased single quantum well structure showing the carriers confinement 
barriers in the well.
Fig. 2.10.3 Schematic plot of electrical confinement of a finite potential well.
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After the advent of the double heterostructure, the active layers were reduced to -10  
nm resulting in the carrier energy to be quantized into discrete energy levels making 
the so-called Quantum Well (QW) [46]. Confining electrons and holes by using 
quantum wells is an important method that can decrease the density of states 
imbalance. Quantum wells make splitting in the degeneracy light and heavy hole 
states at the centre of Brillion zone due to the differential in their effective masses. 
Therefore, the confinement energy will be different as can be noticed from the
infinite one-dimensional box Econfinment — 2 m* Strain also is very useful to
decrease the density of states imbalance particular when involved in QW layers as 
explained in section 2.10.
The confined energy states for finite single quantum well (SQW) as schematically 
illustrated in figure 2.10.3 can be given for even and odd values of n as below [12]
For even parity states
En =  K -ta n (^ |i^ )-k  =  0  (2 .10 .1)
and for odd parity states
En =  K -c o t(^ |ï)  +  k =  0  (2 .10 .2 )
where
K = (2.10.3)
and
k =  : ^ H ^  (2.10.4)
where V is the quantum well potential confinement energy, E is the energy 
eigenvalue of the solution of Schrodinger equation of a confined electron in a
potential well, m* is the effective mass, h is the reduced Plank’s constant ( ft =  ^  ) 
and is the quantum well width.
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2.10.2 Optical confinement
In order to achieve lasing, three conditions must be fulfilled; population inversion 
which required electrical confinement, optical confinement for wave-guiding and 
optical feedback to increase the density of photons. In order to overcome the 
internal losses and the losses caused by the reflecting facets, the gain must be above 
the threshold gain which can be defined per unit of length using the expression 
below [8]:
(2.10.5)
where, F is the optical confinement factor that represents the fractional overlap of 
the optical field with the active region. It also accounts for the absorption and 
scattering losses L^ av is the cavity length and i^^and are the facet 
reflectiveties.
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Fig.2.10.4 Schematic of optical field of index-guiding of DH lasers [8].
In order to maintain laser operation, the probability of stimulated emission must be 
sustained by maintaining the density o f photons in the laser cavity. Thus it is 
necessary to laterally confine the photons generated. This is required a wave-
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guiding which can be achieved by two ways; gain-guiding and index-guiding. Index 
guiding is as a result o f the variation of the refractive indexes between the active 
region materials and the surrounding materials. The index-guiding is based on the 
total internal reflectance of the light inside the gain medium and can be achieved 
when the refractive index between the active region and cladding materials is 
different. Figure 2.10.4 shows the optical field which is always index guided in the 
direction of growth of DH lasers.
Gain-guiding describes the confinement of the electric field obtained by the lateral 
variation of optical gain as a result of changing the refractive index in the active 
region by carriers. This can be achieved by diffusing carriers into a small region of 
the junction plane [11], which causes a refractive index change due to the difference 
in carrier density.
2.11 Recombination processes in semiconductor emitters.
When a forward bias current is applied through a semiconductor device such as a 
semiconductor laser or a light emitting diode (LED), electrons and holes enter the 
active region where they recombine releasing energy. This energy may appear as 
light (radiative recombination) or heat (non-radiative recombination) propagating 
through the lattice as a vibration of the lattice. At the threshold current in 
semiconductor lasers the carrier density pins and hence, any recombination at this 
point will be pinned as well. The equation below shows the total paths of each 
current at the threshold current, [35, 38, 71, 72]:
/=  eV(An+Bn^+Cn^) +Iieak .................................(2.11.1)
where I  is the total current at threshold, e is the electron charge, V is the active 
region volume, n is the carrier density (it is assumed n=p). A, B and C  are 
coefficients that represent Shockley-Read-Hall (SRH) recombination at defects 
[19], radiative recombination and Auger recombination respectively [71].
In this section the recombination processes in semiconductor lasers and LEDs in the 
mid infrared (MIR) region will be addressed.
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Fig 2.11.1 Schematic of simple band structure showing (a) the recombination process at defects 
when an electron recombines at defects, and (b) the radiative recombination process when the 
electron transfers from the conduction band to the valence band to recombine with a hole and emits 
a photon.
2.11.1 Non-radiative recombination via defects (SRH)
Defects in the active region can exist in several forms such as in impurities, 
dislocations and vacancies. Defects mostly depend on the quality of the growth of 
the crystalline alloy [8 , 47]. Figure 2.11.1(a) shows schematic diagram of the 
recombination process at defects.
The most common cause of defects is during epitaxial growth. They can be also 
created via growth induced stress propagated along the lattice [13]. In these case, 
carriers will recombine non-radiatively via defect or trap states created within the 
forbidden bandgap [8 , 47]. However, defects can be negligible in high quality 
materials [38, 71], particularly when grown using sophisticated and well established 
techniques.
As the recombination at defects (SRH) is single free particle process and has a 
strong affinity of electrons or holes, it depends only on the electron or hole density 
[47]. Therefore, the rate of recombination via defects can be expressed as:
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Rd=eVAn (2.11.2)
where A is the mono-molecular (defect) recombination coefficient, V is the volume 
of the active region and e is the charge on an electron [9, 47, 71]
2.11.2 Radiative recombination processes
Radiative recombination gives rise to the emission of light, which is the main aim 
of semiconductor emitter devices.
Radiative recombination process can be defined generally as following: when an 
electron is in a non-equilibrium state in a higher energy level such as the conduction 
band, it relaxes back to recombine with a hole in a lower energy level such as the 
valence band releasing a photon with energy /zv which approximately equals the 
energy of the bandgap Eg- h v  [46].
Figure 2.11.1(b) shows the process of an electron transiting from the conduction 
band to valence band in a direct bandgap and radiatively recombining with a hole 
releasing a photon with hv energy [71]. The radiative recombination can be 
achieved by either photoluminescence (PL) or by applying forward bias current 
(Electroluminescence, EL). In this case the potential barrier between electrons and 
holes decreases and the electrons diffrise to recombine with holes producing 
photons with energy /zv approximately equals the energy of the bandgap Eg^hv as 
illustrated in the figure 2 .6 .1(b).
The rate o f radiative current is proportional to spontaneous emission at
threshold, therefore the radiative current I  rad can be written as:
Irad=eV B ri (2.11.3)
where, B is a radiative recombination coefficient (also called the bimolecular 
recombination coefficient), and depends on the device material. This coefficient can 
be approximately calculated for direct bandgap materials using the equation below  
and has typical values of 10“^^ - 10“^  cm^/s for III-V semiconductors [9,25, 73]:
B =  3 . 0 - 1 0 - « - [ f f ^ [ ^ f  (2.11.4)
34
2.11.3 Non-radiative Auger recombination
The dominant carrier loss process (non-radiative recombination process) in narrow 
bandgap materials is Auger recombination. It increases with increasing temperature 
which leads to an increase in the threshold current of lasers [46] or a decrease in the 
intensity output of LEDs [74]. However, in wide bandgap materials the transition 
energy is large and hence the Auger process has a large momentum to be conserved 
which makes this process less likely to take place.
Auger recombination process involves three particles. For example, two electrons 
and one hole (CHCC), one electron and two holes (heavy and light) (CHLH) or one 
electron and two holes (heavy and spin-orbit) (CHSH).
CB CB CB
VB HH VB HH VB HH
Ui
(a)  CHCC (b)CHLH (c)CHSH
Fig 2.11.2 Illustration of the three types of Auger recombination process, (a) CHCC Auger process, 
(b) CHLH Auger process and (c) CHSH Auger process [8].
Figure.2.11.2 shows three Auger recombination processes which can be explained 
as follows:
An electron in the conduction band recombines with a heavy hole in the valence 
band. Thus, excess energy and momentum of this electron is transferred another 
electron in the conduction band which is excited to a non-equilibrium level in the 
conduction band. This electron relaxes back to reach thermal equilibrium and thus 
loses its energy via lattice vibration (phonons) [46]. This process is called the 
(CHCC) Auger recombination process as illustrated in figure 2.11.2 (a).
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Figure 2.11.2 (b) shows The (CHLH) Auger recombination process which takes 
place when an electron in the conduction band recombines with a heavy hole in the 
valence band, then the excess energy and momentum is given to another hole in the 
heavy hole sub-band o f the valence band to be excited to the light hole sub-band. 
This excited hole relaxes back to its equilibrium state in the heavy hole sub-valence 
band producing energy as a phonon propagating through the lattice.
The third Auger recombination process occurs when an electron in the conduction 
band recombines with a heavy hole in the valence band releasing energy. The 
excess energy and momentum of this hole may be absorbed by another heavy hole 
to be exited to the spin-orbit splitting sub-band of the valence band. It also releases 
its energy as a phonon or vibration in the lattice when it relaxes back to heavy hole 
sub-band. This procedure is called (CHSH) Auger recombination as can be seen in 
figure 2.11.2 (c) [10, 38, 46, 71]. There are several other Auger processes but the 
main two Auger recombination processes are CHCC and CHSH [71]. CHCC is 
dominant in n type materials [46].
Auger recombination rate can be defined as [46, 71]:
Ra=Cnp^=Cn^ (2.11.5)
where {n) is the electron density which is assumed to be equal to the hole ip) carrier 
density and C is the Auger coefficient.
The contribution of Auger recombination to the total current at the threshold current 
is given by:
lAuger=eVCn  ^ (2.11.6)
Each process of Auger recombination depends on the Auger recombination 
activation energy Therefore, the Auger recombination coefficient for band-to- 
band in bulk semiconductor can be expressed as [8 , 75, 76]:
C =  C o e x p g )  (2.11.7)
where Cq is independent of temperature to a first approximation of Auger 
coefficient [19].
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The activation energy for CHCC can be written as a function of the effective masses 
as the following [8,46]:
Ea(.CHCC) =  — Eg (2.11.8) ^ me+nihh 3 v /
for CHSH Auger recombination:
(2.11.9)
and for CHLH Auger recombination:
EaiCHLH)=— ^ ^   (2.11.10)2mhh+Tne-mih
where rrie, mhh, mjh and ruso are the effective masses o f the carriers in the conduction, 
heavy hole, light hole and spin-orbit-splitting band. The effective masses o f the 
conduction band and the spin-orbit splitting band are dependent on the bandgap 
whilst the heavy hole effective mass is relatively independent o f bandgap [8].
Moreover, Auger recombination can be present in several situations. The most 
important types of Auger recombination can be summarized in three processes: 
band to band, phonon assisted and trap assisted Auger process [46, 71].
The band to band Auger recombination process is the most common type o f non- 
radiative recombination particularly in narrow bandgap semiconductor devices, 
leading to deterioration in output efficiency. It also has a strong temperature 
dependence[46, 71]
Furthermore, if  the bandgap is approximately equal to the spin-orbit splitting 
(Eo«Aso) the CHSH Auger recombination may strongly take place because the 
bandgap is in resonance with the spin-orbit split-off bandgap [77]. The CHSH and 
CHLH Auger recombination processes are dominant in p-type material [46] while 
in n-type materials the CHCC Auger process is stronger than CHLH and CHSH 
Auger processes [15].
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2.11.4 Carrier leakage
The electrical confinement created by either barriers in the heterojunction or 
quantum well structure is the key factor of achieving efficient lasing [46]. The band 
offset of such structures should be greater than k^T where, kj, is Boltzmann constant 
[9]. The carrier leakage can be described as a carrier scattering away from the active 
region to the vicinity bands such as from F of the well to F of the barrier as 
illustrated in figure 2.11.3 (a) or the lowest satellite of the indirect inter-valley 
levels F-X and F-L as shown in figure 2.11.3 (b). The term Iieak hi the equation 
number 2 .11.1 is related to the spread of thermal carriers around the active region 
and carriers diffusion or drift through interface heterojunction layers [71] when 
electrons or holes have enough energy to escape the quantum well confinement or 
the confinement barrier between layers [71], they may recombine non-radiatively or 
radiatively at shorter wavelength [71].
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Fig 2.11.3 Schematically illustration of carrier leakage when (a) carriers scattering away from the 
active region and (b) inter-valley carriers scattering to indirect minima [8, 14].
If they have enough energy they might also escape to the cladding layers [46, 71]. 
The probability of escaping carriers depends on the position of quasi-Fermi levels
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relative to cladding layer bandgap [71]. The drift leakage current increases where p- 
doping decreases in the cladding layer [46]. Increasing temperature leads to the 
increase of broadening the distribution of electrons , hence increasing carrier 
leakage [71].
Carrier leakage occurs in direct bandgap semiconductor devices as a result of the 
diffusion of electrons or holes that have energy greater than the hetero-barrier 
energy.
However, in large bandgap semiconductor devices or those have low indirect 
satellite valleys, carrier leakage can take place when the carriers have enough 
thermal energy to escape from the quantum well to the lowest satellite valleys.
The contribution current of carrier leakage to the total current at threshold current in 
this case can be described in terms of activation energy as:
heak =  loexp [ - ^ ] (2 .11.10)
where T is temperature, /q is independent current of temperature and is the 
Boltzmann constant.
This equation (2.11.10) is resulted of a consideration of the carrier density which is 
proportional to the density of states of the confined energy level E and to the 
continuum energy level ELeakas shown schematically in figure 2.11.4.
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Fig.2.11.4 Schematic plot of the activation energy of carrier leakage.
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By applying Boltzman approximation to the Fermi levels as the different energy 
between E and ELeak is larger than SkeT, we will achieve the following expression:
 ^ Ef-T2
n(E = r )^ = P i^ak  ■ f ( .E  -  r^ ) «  P ieak ' e  kgr
^ l - E l e a k
Hence, noc e and /^ eafc =  where A is a constant.
Then,
^ -B h ea k  ^ l - B i e a k
heak ^   ^ and I leak — ? as the activation energy for carrier
leakage (Ea)= Ei^ak -
Here, we proved that the leakage current is proportional to the carrier density n, 
therefore the leakage current can be proportional to n, n^ , n^ , n .^.. Etc.
It is important to mention that carrier leakage increases with increasing applied 
hydrostatic pressure as the separation energy between indirect valley (X and L) 
states and F decreases due to the difference of pressure dependencies or with 
increasing temperature which causes thermal carrier leakage, and hence an increase 
in the threshold current [71, 78].
2.12 Z analysis
Z analysis is a useful tool which can be used to determine the type of recombination 
process depending on the change of the intensity with biased current. It can be 
written form equation 2.11.1 over limited range of current, as locn^ where Z= 1,2,3 
[19, 43] or 4. For radiative current the above relation can be rewritten as ^  
and also the light emitted T o e , therefore nccl!'^ and, Ira d ^  The value of Z
now can be calculated by plotting In (I) versus In [19, 79]. If the value of Z is 
1 it indicates the monomolecular recombination as a results o f crystalline defect or 
the so-called (SRH) Shockley-Read-Hall, while the value of Z=2 means the 
radiative current and when Z is 3, it means Auger recombination is dominant [19, 
25, 43, 79] However, if  the value of Z is greater than 3, this indicates that carrier 
leakage is dominant. Furthermore, Z analysis cannot be applied to QCLs due to the
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absence of Auger recombination and most losses is due to the phonon scattering or 
intervalley leakage.
2.13 Quantum Cascade Lasers (QCLs)
Quantum cascade lasers can be a heterostructure consisting from a series of narrow 
quantum wells and barriers forming a superlattice (which is a frequent of a series of 
nano-size quantum wells).
IVIiniband
Minigap
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Figure 2.13.1 Schematic of two active region periods of a superlattice QCL under bias of current. 
It illustrates the active region and injector and relaxation region. Upper laser level (E3) is injected 
with electrons by the injector. Wavy arrows indicate the laser transition between E3 and lower laser 
level (E2). Striped arrows represent the next active period as the electrons relax to. The crossed 
arrow indicates the electron inhibited of tunnelling out of E3 [15]
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Quantum cascade lasers consist o f three regions; injector, active and relaxation 
regions. The active region consists of two or three quantum wells where 
subsequently the transition will occur. Figure 2.13.1 presents a schematic of a 
quantum cascade laser structure. An electron is injected to E3. Then, the transition 
occurs between the inter sub-bands E3 and E2. Electron relaxes to El to start 
another period. The transition between the upper laser level ( Eui ) and lower laser 
level (Ell) can be diagonal or vertical. Diagonal transitions occur when the wave- 
function of the upper laser level is located in the quantum well before the wave- 
function of the lower laser level. This technique is used to increase the lifetime of 
electrons in the upper laser level and also increase the injection efficiency. 
However, the drawback of this method is the reduction of overlap between E„i and
Ell.
In contrast, the vertical transition occurs when the wave-function of the upper and 
lower laser level is in the same quantum well. In this case the laser output power 
will be higher than the diagonal-transition ones due to less sensitivity of the 
roughness interface of barrier and also due to the strong overlap between the upper 
and lower laser levels which in turn enhances the laser gain. However, the vertical 
transition is likely to have phonon scattering as the lifetime of electrons is shorter 
compared to the diagonal-transition ones [32, 80]. For example the lifetime of 
electrons in the upper laser level o f InGaAs/AlInAs QCLs was calculated by Faist et 
al., to be ~2.1 ps for vertical transition [80] and -4.3 ps for diagonal transition [42].
2.13.1 The principle of Quantum Cascade Lasers
The fundamental difference between QCLs and other semiconductor lasers is the 
fact that the laser transition is between two sub-bands creating a new optical gap 
(Eg) between these two sub-bands, rather than between the conduction and valence 
bands. Hence one type of carrier (electron) is used to make transitions. The main 
advantage of QCLs is the ability to tailor the transition energy over a wide range by 
adjusting the quantum well thickness, rather than changing materials. In addition, 
one single electron can produce multiple transitions by recycling it in a cascade 
design [16, 81].
Conduction band
Bandgap
Valence band
Interband
Intersubband transition
Fig.2.13.2 Schematic showing the differences between inter-band and inter sub-band transitions; 
(b) represents the barrier whilst (a) in the bottom denotes to the quantum well.
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Fig.2.13.3 (a) Schematic of InGaAs/AlAsSb QCL active region layers [17], (b) SEM image of 
Ino jGao jAs/AlAso.gSbo.] QCLs and (e) a microscopic picture of the whole device. The dark colour 
in (a) shows the barriers which separate the quantum wells.
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Figure 2.13.2 shows the differences between the inter-band transitions and inter 
sub-band transition.
Furthermore, when the QCLs are pumped electrically, the electrons flow through a 
series o f mini-bands and mini-gaps.
The electrons will build up in the upper laser level by tunnelling since the energy of 
the lowest level of the injector is close to the upper laser level. This can be 
beneficial in injecting into the upper laser level and preventing electrons scattering 
to the continuum region. Fast transition takes place from the upper laser level to the 
lowest laser level emitting lasers, electrons thereby tunnelling to the next injector 
region to accomplish periods of transitions [16, 41, 81-83]. Figure 2.13.3 illustrates 
the real image of InojGaojAs/AlAso.gSbo.! quantum cascade laser device.
2.13.3 Population inversion in QCLs
The basic idea of achieving population inversion is to make electrons on the upper 
laser level stay longer than those electrons in the lower laser level. This can be 
achieved by several methods; one of these methods is by using two level of 
transition. In this case the elections on the level 1 (Eu) tunnel to the next extractor 
region (injector for next period) with a lifetime less than the lifetime of the electrons 
in level 2 (Eui). This method is effective in short wavelength QCLs such as 
InAs/AlSb as the separation between the two levels is larger than the phonon 
transition energy. For longer wavelength such as InGaAs/AlInAs QCLs, one 
phonon resonance or two phonon resonance (recent design approach) are preferred 
[84]. The active region in the one-phonon resonance consists o f three levels E l, E2 
and E3 and four levels E l, E2, E3 and E4 for the two-phonon resonance. The 
energy of optical longitudinal phonon hcoi^ o is approximately close to the energy 
between E2 and El in one-phonon resonance system. In two-phonon resonance 
system, the energy of the first LO phonon is slightly close to the energy separation 
between E3 and E2, and the energy of the second LO phonon is approximately near 
to the energy difference between E2 and EL These designs aim to make extraction
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of electrons from the lower laser level faster than the transition of electrons from 
upper laser level as the lifetime of lower-level-electrons becomes shorter.
Energy (£)
hv=E;
0 In-pfane wavevector (k//)
Fig.2.13.4 Sub-bands in (E-k) diagram shows the population inversion mechanism assisted by LO- 
phonon [15].
Injector Active
esc
esc
Fig.2.13.5 Schematic diagram to show the transition between the two inter sub-bands [18].
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Fig.2.13.6 Schematic diagram shows the required band offset (AEc) to make transition energy in 
the QCLs.
The lifetime (x) of eleetrons is dominated by the longitudinal optical (LO) phonon 
in a particular sub-band which typically occurs on a picosecond timcscalc. This 
lifetime is shorter than the rate of spontaneous emission transition by several orders 
of magnitude [15, 85]. Hence, the radiative efficiency of spontaneous emission in 
the inter subbands is very low. The conditions for obtaining population inversion in 
the inter subbands can be automatically fulfilled in each single quantum well that 
contains quasi confined subbands with a separation of the subbands not less than the 
phonon transition energy hcD^ o [15, 86 ].
In order to achieve short wavelength, the width of the quantum well must be 
reduced. This reduction of the quantum well thickness results in moving the laser 
levels to higher energy with different rate. The rate of moving the upper laser level 
(E2) is faster than it for the lower laser level (El) due to the variation of the 
effective mass as it is lighter for the E2. Therefore, the band offset (AEc) required to 
confine eleetrons from escaping from the E2 to another adjacent inter-valleys is 
approximately twice of the laser transition energy at pulse operation at room 
temperature [15] as schematically illustrated in figure 2.13.6 when (a) the AEe is
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more than twice of transition energy (2 h v ) , (b) when AEc is approximately equal to 
(2hv) and (c) when AEc is larger than ilh v )  where the upper laser level is located 
above the potential barrier causing unconfined electrons and hence no laser 
operation.
Population inversion in QCLs can be explained as follows: when an electron is 
injected into the quasi level E3 (in a three level structure) as shown in figure 2.13.4, 
it can easily relax by LO phonon scattering before the occurrence of a radiative 
transition between E3-E2 as the lifetime of scattering (T32) is -lOOfs [15]. However, 
due to the large energy separation between E3 and E2 compared to the LG phonon 
energy and large momentum (q32), the radiative transition occurs even the
lifetime (T32) o f phonon scattering shown in figure 2.13.5 is shorter than the life 
time of radiative transition. In order to achieve population inversion and keep it 
continuing during the operation of the laser, electrons in the lower laser level (E2) 
has to be extracted faster than the electrons in the upper laser level making 
transition rate (i.e T32>T2i). Therefore, as the separation of energy (E2-E1) 
approximately equals the LO-phonon {hcoio) (see figure 2.13.4) and the momentum 
of phonon between E2 and El (q2i) is smaller than it for phonon scattering fi*om E3 
to E2 (q32>q2i) as seen in figure 2.13.5, the extraction of electrons by phonon 
resonance will be faster as the life time (T21) is smaller than the life time o f electrons 
in the Eui (132), hence the population inversion is achieved [15, 87]. In two phonon 
resonance the upper laser level is E4 and the lower laser level is E3, hence the 
energy separation between E3-E2 and E2-E1 are approximately equal to the LO 
phonon energy, thus the electrons in E3 and E2 will be extracted by assistance of 
two LO phonons which provides more efficient to population inversion and 
recycling the electron in next period.
2.13.4 QCLs Optical gain
The optical gain G is proportional to the population inversion (An) between E3 
{n=3) and E2 {n=2). By assuming the firaction of injected current to the upper 
energy level (ri3) and (t|2 ) for the fraction of the injected current into the lower
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level as it schematically illustrated in figure 2.13.5, the optical gain G can be 
written as [88 ]:
G =  aàn  =  a M r . r , ,  ( l  - (2.13.1)
?0 \ \ T^32'
where a  is the transition cross-section [88 , 89], J is current density, is the 
electron charge, %2, T3 are the total electron lifetimes and T32 is the inter subband 
scattering lifetime between the states (n=3) and (n=2) [88]. The gain also is 
controlled by the mirror reflectivity. The active region of such device is placed in 
the centre of the waveguide (e.g. InP) forming a ridge. This ridge can be cleaved at 
a length of typically 1-3 mm. hence the cleaved facets can exhibit reflection 
imposing a standing mode running in the cavity.
F =
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Fig.2.13.7 Quantum cascade laser active region type; (a) two-QW active region, (b) three-QW 
active region, (c) four-QW active region and (d) bound-to-continue (BC) active region [15].
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This is for Fabry-Perot cavity. In this cavity the mode spacing is very narrow (order 
/of 1 cm-1) compared to the gain bandwidth ( 100-200  cm-1), therefore, distributed 
feedback (DFB) cavity is used in the active region of several QCLs by creating a 
small periodic of the index guiding at the active region [90].
To ensure that the population inversion is maintained and there is sufficient gain to 
produce lasing, two important factors must be considered. First, the injection of 
electrons to E3 and extraction out of E2 must be efficiently adequate for population 
inversion. Second, is to minimise the loss of electron fi*om E3 which decreases the 
efficiency of the population inversion. In order to maximise the injected electrons 
to E3 and minimise the loss, several structures of QCLs have been designed such as 
two-quantum well active region, three-quantum well active region and bound to 
continuum super-lattice structure as shown in figure 2.13.7. In the two-quantum 
well structure shown in figure 2.13.7 (a), in order to maximise the rate of scattering 
fi*om E2 to El and hence the population inversion in the E3-E2 inter sub-band, the 
spacing between E2 and El can be adjusted to be close to resonance with LO- 
phonon energy by choosing suitable materials. The three-quantum well structure 
shown in figure 2.13.7 (b) is similar to the above but with an additional quantum 
well in the active region to enhance the energy coupling between the lower level in 
the injector region and the upper level (E3) in the active region to increase the 
efficiency of the injected electrons, and also to minimise the transfer o f electrons 
being non-resonant to the lower energy (El) level [15]. The four quantum well 
structure shown in figure 2.13.7 (c) has a better extractor region as it consists of 
two-phonon resonance which enhances the extraction of electrons firom the lower 
laser level more efficiently than of the three quantum well structure as mentioned 
above. The band to continuum (BC) structure shown in figure 2.13.7 (d) is the most 
efficient and commonly used to obtain high and broad gain in order to tune the laser 
by using an external cavity [18]. In this design, a mixture of three-quantum well and 
a superlattice creates a mini-band that provides significantly enhanced efficiency of 
injection to the upper level through resonant tunnelling fi*om the lower level o f the 
injector region as a beneficial o f the three-quantum well. The second advantage that 
comes firom the super-lattice is that the transition is between the discrete state on the
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upper level and the mini-band state in the lower level that provides a sub­
picosecond timescale of scattering to the lower level El which makes high 
population inversion and hence high a broad optical gain is achieved [15, 18]. It is 
also worth to mention that the polarisation of the QCLs is in the direction of growth 
(i.e. TM) as TE confined due to the fact that the refractive index in the laser core is 
larger than of the refractive index of the cladding layers [90].
2.15 The effect of temperature
When the temperature of a material is changed, several effects may occur and affect 
the lattice. The oscillation of the atoms o f the lattice can be increased or decreased 
based on the temperature variation causing the lattice to expand or contract when 
the temperature changes [44]. The interaction between electrons and the lattice will 
also change and hence the mobility of electrons and their distribution increases with 
increasing temperature and as a result, the distribution of energy widens as 
described by Fermi-Dirac distribution which was shown in equation (2.3.1) in 
section 2.3.
The temperature dependence of the bandgap is experimentally observed and can be 
given from Varshni formula [91]:
Eg(T) =  E g ( 0 ) - g  (2.15.1)
where, a  and P are empirical Varshni parameters which are constants and related to 
the material properties [8, 91, 92]. The P parameter is related to the Debye 
temperature [25, 93].
2.15.1 Characteristic temperature for lasers To
In order to compare the temperature sensitivity o f threshold current of 
semiconductor devices, a parameter called characteristic temperature (To) is utilised. 
Devices with larger Tq are considered less sensitive to the temperature. The 
characteristic temperature Tq can be defined by the following expression [54]:
~  =  ^ ln (/t^ ) (2.15.2)
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A typical value of Tq is 55+20 K for long-wavelength (-1.5 pm) lattice-matched 
lasers [54]. For example the To of InAs QW diode lasers is about 70 K [94]. The To 
for QCLs is vary and depends on the laser wavelength and the materials. For 
example, InGaAs/AlInAs QCLs emitting at 1 -9  pm is 190 K [90] whilst is only 95 
K for InAs/AlSb QCLs emitting at 1-2.65 pm [95]. The small value of To means 
the laser threshold current device is more sensitive to temperature. To can be also 
described by the expression below [46, 94]:
7 t f t= /o e x p [ ^ ]  (2.15.3)
where is the threshold current density.
The equation 2.15.3 is used to extract the value of the To from experimental 
temperature dependence results.
2.15.2 Characteristic temperature for LEDs T)
The characteristic temperature for LEDs {T{) indicates also the sensitivity o f such 
devices to temperature. However, the Tj can be deduced from the L-I curve by 
specifying the change in light output at a particular biased current as a function of 
temperature. It also can be obtained for lasers to show the temperature dependence 
of the slope efficiency [28, 96]. The characteristic temperature expression becomes 
[9,47]:
L =  L o e x p [^ ]  (2.15.4)
where, L and Lq are the light output intensity at temperature T and 0 K respectively.
This equation shows that as the 7; becomes higher, the temperature dependency of 
the device will be smaller than the devices have small value of 7;. E. Fred Schubert
reported that found T/-95 K for AlGalnP/GaAs Light-Emitting Diodes [97] and
T1-203 K for high quality InAs/GaSb super-lattice structure emitting at -  3.7pm at 
room temperate [98].
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2.16 The influence of hydrostatic pressure on the band structure
When hydrostatic pressure is applied on a semiconductor device, the band structure 
of the device will change as a result of changing the lattice constant [99-104]. 
Therefore the application of hydrostatic pressure on a semiconductor device is a 
valuable characterisation tool that can manipulate the band structure and hence it 
can be used to identify several processes affecting the device performance. This 
change of the energy bands with pressure plays an important role in determining the 
optical and electrical characteristics of a semiconductor device [105]. For example. 
Auger recombination decreases with increasing applied pressure due to the increase 
of the bandgap, and hence leads to an increase in Auger activation energy as 
mentioned earlier in this chapter.
L- minima
X- minima F - minima CB
Fig. 2.16.1 The effect of the application of hydrostatic pressure on the bandgap structure.
The effects of hydrostatic pressure can be understood from figure 2.16.1 which 
shows that the minima in the conduction band will have different dependencies on
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hydrostatic pressure and therefore, each one will have a distinct pressure coefficient 
{dE/dPy
It was found that the value of pressure coefficient for typical III-V semiconductors 
is 10-15 meV/kbar, -4  meV/kbar and about -1.5 meV/kbar for F, L and X minima 
respectively [8 , 105-107]. It is worth noticing that the X minima is moving 
downward which means the separation between F-X in the direct band materials 
such as GaAs will decrease rapidly with increasing applied hydrostatic pressure. 
Thus, using hydrostatic pressure can be beneficial to determine bands to which the 
carriers can scattered. This is very important realisation to make device structure 
with materials that have large separation between Fand L/X minima.
2.16.1 Pressure and radiative and non-radiative processes
The radiative recombination process in an ideal quantum well for inter-band 
processes is proportional to square of the bandgap, J^ad ^  [8 , 72] as described
in equation 2.11.4. This increase in the radiative recombination process was 
observed in QWLs [8, 108], QDLs [8 , 109] and LEDs [92]. Defects normally are 
not affected by the application of pressure [8] and hence the defect current is 
generally pressure insensitive. Auger recombination process is generally suppressed 
by increasing the applied hydrostatic pressure because the process o f Auger 
recombination needs to fulfil the conservation of energy and momentum. However, 
by increasing the bandgap by applying pressure, the probability o f fulfilling the 
conservation of energy and momentum decreases [8]. Hence the Auger 
recombination process decreases with increasing hydrostatic pressure. This was 
observed as a decrease of the threshold current density in lasers [8] and as an 
increase of the output intensity in LEDs [92].
Since the pressure coefficients o f the valley minima are different, the separation 
energy between F-L and F-X decreases with increasing applied hydrostatic 
pressure. Thus, the probability of inter-valley scattering carriers to the L or X 
minima increases particularly when the separation energy between F-X/L is small at
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ambient pressure. Such scattering can increase the threshold current density in QW 
lasers and quantum cascade lasers (QCLs) [33].
2.13.2 The influence of pressure on carrier leakage
In the case of carrier leakage in quantum cascade lasers (QCLs), we assume the 
total current is due to phonons and leakage current. This may be written as a sum of 
the two current components:
hh =  Iph + Ifehk (2.16.1)
The IifJk term represents carrier leakage from the T-laser level into the upper L- 
minima. Here, we are assuming leakage from the T-valley to indirect L-valley.
The pressure dependence of this leakage current can be described as: 
o c e x p [ - i ^ - ^ ]  (2.16.2)I}-leak
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Fig. 2.16.2 Calculated normalised threshold current at room temperature with different contribution 
percentages of carrier leakage according to equation 2.16.3.
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where P  is the hydrostatic pressure value, ^  and ^  are the pressure coefficients
of the indirect L-minimum and the direct r-minimum, respectively. The normalized 
threshold current can be derived from Eq. (2.16.2), and then be further expressed as:
+  (2.16.3)
where x  =  which is a fraction of the L-leakage current to 1th at atmospheric
pressure. Ith(O), Iph(O) and lieak(O) are the threshold current, phonon current and 
leakage current at atmospheric pressure, respectively.
Equation 2.16.3 can be used to determine the percentage of carrier leakage under 
hydrostatic pressure. Figure 2.16.2 shows an example of increasing normalised 
threshold current at RT with pressure assuming dE/dP=10 meV/kbar and 
independent phonon scattering to applied pressure when 1%, 10% and 2 0 % (x=0 .0 1 . 
0.1 and 0.2) o f carrier leakage contributing to the total threshold current. The 
threshold current clearly increases with increasing the percentage of carrier leakage 
contribution. Further details will be discussed in chapter 5.
2.17 Conclusion
In this chapter, the basics of semiconductor LEDs and lasers, particularly Quantum 
Cascade Lasers (QCL) were addressed. Background theory related to the results 
discussed in chapter 4 and 5 for mid infrared region 2-5 pm LEDs and QCLs were 
discussed. This included a description and discussion of the band structure followed 
by a discussion of the density of states including the density of state imbalance. The 
effect o f strain and p-n junctions were described and discussed followed by a 
discussion and illustration of the electron processes in the active region of  
semiconductor devises. Optical gain, threshold current, electrical and optical 
confinement were discussed. A description and discussion of recombination process 
were addressed, followed by Z analysis discussion. Principle of operation o f QCLs 
and the mechanism o f achieving population inversion was then addressed and 
discussed. Finally, the effects o f temperature and hydrostatic pressure were 
addressed including a discussion of carrier scattering to inter-valley minima.
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Chapter ThreeI Experimental Techniques
3.1 Introduction
In this chapter a description of the techniques and instruments used to perform the 
measurements is illustrated. There were three different techniques used to 
experimentally investigate LED and QCL devices used in this study. These 
techniques are temperature dependence, pressure dependence and spectral 
measurements under various conditions of temperature and pressure.
3.2 Preparing samples before starting the experiments
Sample preparation before starting an experiment varies according to the type of 
experiment that would be performed and the device that would be investigated (i.e. 
LED or QCL device).
The LED devices described in chapter 4 were mounted on TO-46 packages. 
Therefore, the LED devices are almost placed in the experiment setup without 
fiirther preparing. However, QCLs were received in their original bars without 
cutting, cleaving or coating. Therefore, they had to be tested on a probe station 
where they were connected by small probe tips under microscopic magnification in 
order to specify the working devices fi*om others. Thus these devices were separated 
from each other and then cleaved.
Furthermore, all devices had to be tested again before placing them into the 
experiment setup. The LED devices were plugged into a special socket (as 
described later), which was used in both the cryostat and pressure cell. The plug is 
then connected to the pulse generator in order to operate the LED sample under 
investigation. The same method of testing is also performed using QCL devices, but 
instead of using the socket, the QCL sample is placed in a special clip (as described 
later). After this test, the successful devices are placed into a specific place in the 
experiment setup. Prior to starting any experiments, alignment of the optical
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equipment with the device and detector has to be carried out properly in order to 
obtain the strongest signal and hence most reliable data.
3.2 Setup of temperature dependence experiments
Figure 3.2.1 shows a schematic diagram of the setup of temperature dependence 
measurements indicating the instruments used. This setup was used for both LED 
and QCL devices for temperature dependence measurements.
(generator
 . 3  I Lj
C om puter
Temperature
controller
Lenses
BNC output data connector BNC trigger connector
GPIB control and data connector BNC power connector
Light emission
Fig.3.2.1 Experiment setup for temperature dependence measurements used for both LEDs and 
QCLs.
In order to obtain measurement data, a computer running Labview was used to 
control the pulse generator (Agilent model 8114A) for LEDs and (BNC model 
202H) for QCLs. The Agilent can provide a current limited to 2A at 100 V, which is 
not adequate to reach the QCL threshold current, particularly when the QCL device
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is under high hydrostatic pressure. The BNC pulse generator can provide a pulsed 
current up to 5 A at 300 V. Furthermore, the pulse generator was used to provide 
pulsed current with a duty cycle of 0.5% for LEDs and 0.01% for QCLs. However, 
the duty cycle of current used to bias the LEDs was 1% for spectroscopy 
measurements while it was 0.4% for QCLs spectroscopy measurements to increase 
detecting resolution. This pulse generator is connected with a 50Q resistor as an 
attenuator to decrease the voltage applied on the device by 10 times.
Nitrogen feed through
Vacuum space valve
Outer chamber
Liquid nitrogen chamber
T
U
Sample holder arm entry
Pump down/backfill valve 
Liquid nitrogen valve
Liquid nitrogen chamber 
Outer chamber
Inner chamber
Sample holder
Fig.3.2.2 Schematic of the cryostat used to cool the samples down [8]
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Electrical connection
Spring clip /  Copper mounting rig
Fig.3.2.3 Cryostat arm on where the sample placed [19]
Labview (the codes were written by Dr Marko) was used to read the data coming 
from an InSb photo detector model IS-2.0 via a SIGNAL RECOVERY 7265 DSP 
lock-in amplifier. The data is then saved to be readable by either Microsoft Excel or 
Originlab software. A Tektronix oscilloscope model TDS 3012 was used to show 
the pulse generator signal (current in mA) on a channel and the detector output 
signal (intensity in arbitrary unit) which was amplified by the lock-in on another 
channel. Figure 3.2.2 shows the cryostat (Oxford product model ND1704) used in 
temperature dependence measurements. It consists of three chambers; the inner 
chamber (where the sample is placed), liquid nitrogen chamber and outer chamber 
(vacuumed).
Figure 3.2.3 shows the arm of cryostat in which the socket or clip containing the 
sample is mounted. This arm is placed in the inner chamber and connected to the
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pulse generator. Moreover, this inner chamber must be evacuated by a vacuum 
pump, and then filled with dry nitrogen gas. Nitrogen gas is used as a medium for 
converting heat around the sample homogeneously during cooling down, preventing 
moisture deposition on the laser and to avoid freezing of water vapour. The outer 
chamber is put under high vacuum while running the experiments in order to 
insulate the chamber containing the sample and the liquid nitrogen reservoir. The 
second chamber, which is between the inner and outer chambers, is filled with 
liquid Nitrogen to provide the base cooling temperature of 77 K.
The special socket schematically shown in figure 3.2.4 (A) was used to plug the 
LED in. Because the LED devices were already mounted in TO-46 3-pin headers 
was connected in series with a 470  resistance to match the impedance of the BNC 
cable.
Socket
Pins
LED
TO-46The Arm
Clip
QCL
Ridge
Fig. 3.2.4. Schematic draw of the arm of the cryostat with (A) the socket for mounting the LED 
devices and (B) the clip for mounting the QCL devices
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Figure 3.2.4 (B) shows the clip in which the QCL device was mounted and also 
connected with a series 47Q resistance. The bottom of the QCL device was placed 
facing up while the top of the laser (having a ridge) is down because the ridge is n 
type while the bottom is p  type.
The emission of the device (either LED or QCL) was collected from the cryostat 
through a quartz window by cooled InSb photo detector. The minimum temperature 
that can be reached is about 77 K. However, the measurements were performed at 
80 K and above.
3.3 Temperature dependence technique for L-I characteristics
In this technique, after placing the sample in the socket in case o f LED and inserting
the cryostat arm inside the cryostat we connect all the instruments shown in
figure3.2.1. Then, the device is operated at RT to align the optical components and
obtain the best signal collected by the detector. If everything is working properly,
we then make a test measurement at RT. After that, current is disconnected from the
device and the temperature controller set to 80 K. We start firstly vacuuming the
outer chamber and the inner chamber. Then this chamber is filled with dry nitrogen
gas followed by filling the middle chamber with liquid nitrogen. However, before
filling the middle chamber with liquid nitrogen, the liquid nitrogen valve must be
opened to maximum to enable the evaporated nitrogen to flow at maximum in order
to decrease the temperature quickly. Here, temperature decreases rapidly until it
stops at 80 K. At this stage we decrease the nitrogen flow using the liquid nitrogen
valve. After 30 minutes o f a stable temperature at 80 K we start taking the first
measurement by running Labview. Once the first measurement finishes, we increase
the temperature to 100 K using the temperature controller and wait until it reaches
this value. After reaching this temperature (100 K) we decrease the nitrogen flow
slightly and wait 30 minutes before making the second measurement. These steps of
measuring L-I are repeated for every targeted temperature (i.e. 120, 140, 160, 180,
200, 220, 240, 260, 280 and 300 K). Furthermore, at temperature higher than 200 K
the waiting time for ensuring the stability of temperature is decreased to 2 0  minutes
because the liquid nitrogen flow is decreased and hence the temperature becomes
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stable in a shorter time. We might also need in a few temperature dependence 
experiments to refill the cryostat with liquid nitrogen twice during one run of the 
experiment. After finishing the measurements, the nitrogen valve is opened to 
maximum to enable liquid nitrogen to evaporate quickly to avoid water condensing 
inside the chamber, we then release the vacuumed chamber and take the sample out.
3.3 Setup for pressure dependence experiments
A hydrostatic pressure system was used to apply high pressure up to 10 kbar on the 
device investigated to study the device performance under high pressure.
The pressure system used as schematically illustrated in figure 3.3.1 is comprised of 
three main parts; the first part is related to the helium gas which is used to increase 
pressure on the sample, the second part is the coolant part which is used to cool the 
sample down up to 4 K and the third part is to compress the helium gas by pistons 
using hydraulic oil.
Gas release #
Helium gas valve
0 1  valv©
^  S'
DC
Electrical 
connector |
Heat sink
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Windows
H elium  closed  
cycle pum p
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Fig.3.3.1 Schematic diagram of the setup used to performing the experiments of pressure 
dependence.
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The first part contains a helium gas cylinder which provides the helium gas to the 
pressure eell via a pressure capillary which is connected to the pressure cell from its 
top to apply the helium gas on the sample when placed inside the pressure cell. 
Compressing the helium gas in the pressure cell is achieved through three stages of 
compression by three different size pistons, pushed by hydraulic oil (as discussed 
later) operated by an oil pump and controlled by oil and gas valves. The pressure 
cell which contains the sample as shown schematically in figure 3.3.2 was made of 
thick copper-beryllium. The pressure cell is cylindrical in shape with two flat edges, 
which have two firmly tightened removable plugs on each edge. One of these plugs 
contains a sapphire window that allows the light emitting by the sample to go out 
the pressure cell to be collected on a detector. The second plug in the opposite edge 
is for mounting the sample and connected to the pulse generator. This plug can be 
adapted to be suitable for the sample being used in the pressure cell, according to 
the shape of the sample and to ensure that the light is emitted toward the window 
side. For example we used two plugs; one is for the LED devices and another for 
QCL devices as shown in figure 3.3.3 (a) and (b) respectively.
The plug then is firmly tightened into the pressure eell on one edge and the sapphire 
window is tightened on another edge. The pressure cell is then placed in a cryostat 
in the case of making measurements at low temperature. This cryostat is connected 
to a helium closed cycle pump in order to cool the pressure cell for low temperature 
measurements. A vacuum pump is connected to this cryostat to provide high 
vacuum when running experiments at low temperature in order to prevent water 
vapour freezing during the operation of experiments. The light coming from the 
sample through the sapphire window of the pressure cell and the window of the 
cryostat is collected by a lens to be focused in the InSb detector sensor.
3.3 Pressure dependence technique
In the pressure experiment setup, the apparatus used to control and monitor the 
device during the experiments were similar to the temperature dependence 
experiment setup shown in figure 3.2.1. However, the nitrogen gas exchange
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cryostat was replaced by a closed cycle helium cryostat that uses compressed 
helium gas to decrease the cryostat temperature.
He-gas
QCL device Sapphire window
Light
Electrical
feed-through
Fig 3.3.2 Pressure cell used to mount LED and QCL devices [20].
A
Pins TO-46 
LED 
Socket
Electrical wire Pressure cell plug
Clip
B
QCL
Fig. 3.3.3 Schematic diagram of a magnification of the plug in the pressure cell in case of using (a) 
LED or (b) QCL devices.
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Preparing the pressure system is very important and mostly determines if the 
experiment is successful. Preparing the pressure system is by cleaning the pressure 
cell plugs and the third stage cylinder where the helium gas is compressed by the 
third stage piston. The plugs must be cleaned by a safe chemical solvent such as 
isopropanol. The seals (that were made of tin-coated brass) are placed on plugs to 
prevent the helium gas from leaking at high pressure during the measurements and 
must be carefully cleaned. However, these two seals with another two seals for the 
third stage cylinder are cleaned further prior fitting them in the pressure cell and 
third stage cylinder by putting them in a solvent consisting of washing liquid diluted 
by water and putting the container in an ultrasound bath at a temperature of -333 K 
for -60  minutes. After this bath, the seals are cleaned further by the chemical 
solvent mentioned above using lab tissues. The third stage cylinder is also cleaned 
by a special plastic rod. This cylinder sometimes needs polishing which was 
demonstrated several times in order to remove scratches from the surface of the 
cylinder. Furthermore, these starches are normally made by the seals when they are 
deformed by high pressure. After this cleaning, we placed the sample into the plug 
for testing. This is followed by closing the pressure cell with the two plugs without 
tightening them to ensure that the sample is working properly. Alignment o f the 
optical components must be done also before final tightening of the seals. 
Therefore, if  everything works properly, we then firmly tighten the plugs. Applying 
hydrostatic pressure after that requires three different stages that must be carefully 
followed in order, to ensure safety and to achieve good results. Thus, the 
measurements are taken twice, one when increasing pressure and with decreasing 
pressure. Therefore, we firstly push the third stage piston to a particular position 
(digital indicator must show 77) where the cylinder becomes completely closed 
while the releasing gas valve is open. At this point we take the first measurement at 
atmospheric pressure. We afterward close all the valves except the gas cylinder 
valve followed by opening the helium gas cylinder to fill up the system, until the 
hydrostatic pressure reached pressure value up to ISMPa.
The pressure value is read by a digital gauge in Mega Pascal unit (100 MPa=l kbar) 
which was connected to a sensor placed inside the third stage cylinder.
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We then close the helium gas cylinder, open the first stage oil valve and open the 
valve between the helium gas in the system and the first stage piston and start 
compressing the helium gas in the system including the pressure cell up to 0.7 kbar. 
We then close the gas and oil valves, and release hydraulic oil to bring the first 
stage piston back to its initial position. However, we stop at 0.3 kbar and 0.7 kbar to 
take the second and third measurements. We then operate the second stage in the 
same way as the first stage but with different valves as every stage has own valves. 
This stage can compress the helium gas up to 3.5 kbar. In this stage we take a step 
of 0.3-0.5 kbar of increasing pressure to take several measurements at different 
applied pressure (i.e. 6 -8  measurements).
Finally, we operate the third stage that can apply a pressure of up to 10 kbar with 
the same pressure steps mentioned above. However, due to gas leakage via the 
pressure cell or the third stage cylinder, the typical value of pressure that can be 
reached is 7.5 kbar.
The second step of this experiment is to take measurements while decreasing the 
applied pressure which is controlled by all the three stage valves but in the opposite 
way to increasing pressure.
Moreover, in the case of performing pressure experiments at low temperature, the 
pressure cell is then placed in the closed cycle helium cryostat and aligned with the 
InSb detector with all required optics. We then make a test measurement before 
firmly closing the cryostat lid. The compressor is operated after closing the lid to 
decrease the temperature. After the temperature reaches the target temperature, we 
then apply pressure and take measurements at this low temperature in the same way 
described above for RT.
3.4 Spectroscopy experiments using FTIR
Measuring the wavelength of the device under different conditions leads to 
understand the changing of the optical gap of devices.
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Fig.3.4.1 Schematic diagram of the setup used to performing the experiments of pressure 
dependence.
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Fig. 3.4.2 Schematic diagram of the FTIR showing the two mirrors and splitter.
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This can provide valuable information about the loss mechanism that may occur 
during the measurements.
For measuring the spectrum of the light emitted by LEDs or QCLs, an FTIR is used.
The FTIR is an acronym for Fourier transform Infrared which is a method of 
infrared spectroscopy. It can operate as interferometer and can be used for high 
resolution measurements including all the measured light frequencies and also for 
measuring the emission spectrum of lasers or LEDs. It can be also used to identify 
unknown materials by their absorption spectra [110].
In this study the FTIR model Oriel MIR8025 with a spectral range of 1.7 - 28 pm 
was used to measure both the LEDs and QCLs wavelengths at different temperature 
and hydrostatic pressure.
The FTIR has two windows that can both be used as input or output of light and 
hence the light can be split into two beams. The two splitting beams are reflected by 
fixed and adjustable flat mirrors, M l and M2 respectively as shown schematically 
in figure 3.3.4. Therefore, the beams will interfere constructively producing a 
scanned output beam which produces an interferogarm signal that contains a Fourier 
transform of the spectrum. This signal is converted from analogue signal to digital 
signal and received by the computer via USB cable. This computer runs special 
software called MIRMat designed by the company that manufactured this FTIR that 
shows the signal as a spectrum in cm'  ^unit.
Experimental setups shown in figure 3.4.1 are similar to the temperature and 
pressure dependence experiment setups shown earlier in figure 3.2.1, except for few 
changes. In spectroscopy measurements Labview was not used, therefore any 
related connections to the computer running Labview are disconnected. Instead, the 
computer runs MIRMat software to operate the FTIR. The procedure of performing 
experiments is similar to the temperature and pressure dependence experiments with 
further careful in aligning the optics. Furthermore, the pulsed current repetition 
frequency is increased in spectroscopy measurements because the speed o f FTIR 
scanning can miss light with a high duty cycle and hence the resolution of the 
spectrum worsens. Therefore, we used high repetition frequency (20 kHz) with the
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same pulse width used in all experiments ( 500 ns for LEDS and 200 ns for QCLs) 
in order to avoid increasing the device self-heating and enable the FTIR to provide a 
good resolution.
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Fig3.5.1 InSb detector response curve [21].
3.5 InSb Photo-Detector
The photo detector used in the experiments is an Indium Antimonide (InSb) (model 
IS -2.0) liquid nitrogen cooled detector that was used to collect the LED and QCL 
device output. This detector can detect the light in the range of 2<^>5.5 pm as 
shown in figure 3.5.1. However, the detectivity (and hence the efficiency) of this 
detector decreases at shorter MIR wavelength. Thus by using the following 
detectivity equation derived from the curve in figure 3.5.1 which is valid between 2 
and 5 pm only for making corrections to the measured output intensity.
D* (CTRHZ'^W ^ ) =  e  0 .047A ^+0.8lA +22.41 (3.5.1)
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However, as this equation is a function o f X , we converted it to be a deviation 
function D (E ,P )  of transition energy and the applied pressure with (arbitrary unite) 
as the following:
-0 .0471    +0.811 ■  1+22.411.24 \  ( 1.24U . W T / I A C"  I T W W X I A p
D(E,P) =  e \^ 'ÂP+%(o)y (3.5.2)
where ^  is the change in transition energy with pressure and E g{fi)  is the bandgap
at atmospheric pressure. Finally we divided the obtained light intensity as a function 
of pressure by this deviation derived from the detectivity of the detector to achieve 
the correct output intensity.
3.6 Summary
In this chapter, the temperature and the pressure dependence setups were 
schematically illustrated. The instruments used in these setups were also 
schematically illustrated, described and discussed. The temperature and pressure 
dependence experiment techniques were described and discussed and followed by a 
description and discussion of spectroscopy experiments. Finally the method used to 
correct the output intensity that depends on the detector detectivity was addressed 
and discussed.
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Chapter four:
Results and discussions: GalnAsSbP/InAs LEDs
4.1 Introduction
Mid-infrared (2-5 pm) (MIR) Light Emitting Diodes (LEDs) are of increasing 
interest for a variety of technologically important applications such as 
environmental gas monitoring, industrial process control, non-invasive medical 
diagnosis, and infrared spectroscopy [I] as mentioned in chapter one. However, for 
narrow bandgap materials such as InAs and related alloys, the density of states 
imbalance can effectively lead to strong non-radiative Auger recombination and 
inter-valence band absorption, which makes uncooled room temperature operation 
difficult to achieve [39]. An attractive alternative approach is to use the pentanary 
alloy GalnAsSbP, due to the presence of the fifth element which provides an 
additional degree of freedom in order to tailor the band structure, while keeping the 
lattice parameter constant [92, III].
The aim of this chapter is to investigate the reason for the deterioration in the output 
efficiency at room temperature that occurs because of a limitation in their 
performance as a result of non-radiative recombination processes.
In this chapter, a background historical review of mid-infrared light emitting diodes 
over more than 50 years is addressed. A background literature review of the 
pentanary alloy that is used to fabricate LEDs is also illustrated and discussed. This 
is followed by an illustration and a discussion of the structure of light emitting 
diode devices which were investigated in this study. A brief review o f literature 
related to the effort done to suppress Auger recombination processes particular 
CHCC and CHSH is addressed.
The results of the temperature dependence technique is discussed and followed by 
an estimation of Auger recombination that contributed to the total current.
The analysed results o f measurements using pressure dependence techniques are 
described and discussed. This was done to identify the type of non-radiative
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recombination that limits the performance of these devices under investigation. This 
is followed by a calculation based on an estimation to model the influence of CHSH 
Auger recombination on the output efficiency. At the end of this chapter, a 
conclusion of the achievement of this study is made.
4.2 Historical background and literature review of mid infrared LEDs 
4.2.1 Literature background review of MIR LED devices
4.2.1.1 The first LED
The first LED was reported in 1907 by Henry Round that produces light as a result 
of forming a Schottky diode of SiC. In 1936, Destriau also reported zincblende 
(ZnS) light emitting diodes [9]. Semiconductors consisting of III-V were not 
fabricated before 1950 [9]. The first postulation and demonstration of III-V 
compounds were in 1952 and 1953 by Welker [9]. Therefore, two groups o f LEDs 
emitting in the infrared were demonstrated; the first group was based on bulk GaAs 
LEDs that were demonstrated in 1954 which was followed by AlGaAs LEDs in the 
1960s [9]. The growth using liquid phase epitaxy (LPE) and vapour phase epitaxy 
(VPE) was realised in the early 1960s. The first visible wavelength emitted by 
GaAsP LEDs working at RT was reported in 1962 [9]. Therefore, the employment 
of LPE to grow GaAs lasers lead to achievement of lasers working at 300 K with 
low threshold current density. Therefore, spontaneous emission in the mid infrared 
region was observed for the first time from InSb diodes at a wavelength o f ~ 5 pm 
and temperature of 10 K in 1963 by Melngailis and Rediker, [112]. Researchers also 
made a great effort on GaAs and AlGaAs devices in the early 1960s by using liquid 
phase epitaxy and vapour phase epitaxy techniques [9]. Therefore, researches 
dedicated their effort to develop and fabricate diode lasers [113] rather than LEDs. 
As a result, GaAsP coherent light (lasers) was successfully produced in 1962 [114, 
115] whilst developing LEDs was delayed although they were ready for commercial 
fabrication [115]. At this stage the important achievement was improving laser 
diodes rather than LEDs particularly after the use of LPE in growing LEDs.
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4.2.1.2 Early LEDs operating at room temperature
The first time that the molecular beam epitaxy (MBE) growth technique used to 
grow LED devices was in 1994 which led to InSb LEDs emitting at room 
temperature [43]. Another approach of MIR LEDs was the fabrication of LEDs 
from InAs material and by adding Zn to diffuse into the InAs [43]. These LEDs 
emitted at short wavelengths ( 1 -3 .7pm) at room temperature. Meanwhile, InAs- 
based alloys such as InAsSbP and GaSb-based such as InGaAsSb were given much 
attention due to the attraction of these materials for fabricating optoelectronic 
devices, particularly LEDs emitting in the MIR region [116].
The first LEDs based on InAsSbP were grown in the early 1980s [25]. Gao et al. 
reported strained InAsSbP InAs LEDs emitting with a X-5pm at RT [25, 117]. 
Groups of researchers at the Ioffe institute made a major advance in developing 
MIR devices in the 1980s [43] which led to a growth of LEDs on CdZnTe 
substrates by using LPE to emit at 3.5pm at room temperature as reported by 
Brouchut et a l { l9 9 \ )  [118]. Starting the growth of semiconductor devices by MBE 
has led to a variety of MIR devices structures such as Quantum Cascade LEDs 
which were operating with a duty cycle o f 2 0 % at near room temperature (up to 
280 K) and emitting at 1=8-12 pm with a very weak output power (~ 6  nW), with 
biased current of 600 mA [119]. Ashley et al. (1994) showed pioneering work on 
the possibility of confining carriers by using thin (20  nm) strained Ino.83Alo.17Sb 
barrier in the active region in heterostructures based on InSb substrates. Hence, they 
achieved LEDs emitting at RT with a wavelength of 1=5.5pm and output power of 
-0 .7 4  pWatRT. [120].
In 1998, the improvement of growing semiconductor devices using MBE and metal 
organic vapour phase epitaxy (MOVPE) resulted in a growth of complex LEDs 
such as GalnAs/AlInAs lattice matched to InP quantum cascade light emitting 
diodes QCLEDs operating up to 200 K and emitting at wavelengths of 8-12pm with 
very low output power ( -  6nW). These devices indeed played a key role in a 
suppression of Auger non-radiative recombination and exhibited weak temperature
dependence [121]. A study conducted by, Pullin et al. (1999) showed the use of
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AlSb barriers in a relaxed strained layer superlattice (SL) InAs/InAsSb making p-i-n 
junction LEDs which emitted at l~4.2pm  [122]. The results showed a promising 
approach as the output power exceeded 100  pW with an internal efficiency of 
-2.8% at RT. Another approach in 1997 came from the first report by Yang et al., 
of interband cascade InAs/GalnSb/AlSb LEDs (ICLEDs) grown by MBE on a 
GaSb substrate. These devices were composed of 15 periods o f the active region 
and emitted at the 5-8 pm spectral region at 300 K [123]. However, the power was 
only up to -  700 nW and the efficiency was less than 10'^  % at RT due to a 
relaxation of carriers between the subbands by optical phonon scattering.
LEDs were improved by several methods including the use of several materials in 
different structures. These improvements were made to achieve higher power in this 
range of wavelength (3-5 pm).
4.2.1.3 Quaternary and pentanary alloys for DH LEDs
A study carried out on several LED devices that consisted of InGaAs (1-3.3 pm) 
and InAsSbP (1-4.3 pm) homo-structures and InAsSb/InAsSbP double hetero­
structure (DH) (1-4.0 pm) grown by LPE [124] showed that the homojunction 
LEDs that emitted at 3.3 and 4.3 pm had output power of 1.33 and 0.2 mW at RT 
with 8 A injected current respectively . The DH LEDs emitted with an output power 
of -  230 pW (at 1=2.5A) at RT. However, the output power at RT with injected 
current of lA  of InGaAs (1-3.3 pm) homo-structure LEDs and InAsSb/InAsSbP 
(1-4.0 pm) double hetero-structure (DH) LEDs (P-150pW) were higher than the 
output power of InAsSbP (1-4.3 pm) homo-structures LEDs (P-35pW) by more 
than 4x at the same conditions. This proved that the DH is more efficient at longer 
wavelength than the homojunction. It was also suggested that the Auger 
recombination process is dominant [25, 125] on the LEDs emitting at longer 
wavelength. Krier et al ,  (2001) [43] demonstrated several un-cooled LEDs 
fabricated fi*om III-V compounds and grown by LPE growth technique using 
different active region purification treatments. Thus, four groups of InAs-based p-i- 
n InAsSb LEDs emitting at 4.6 pm at RT were treated by different processes. The
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best ones had output power exceeding 1 mW when the LEDs were biased by a 
current o f ~ 2A [126]. Another approach of InAs/InAsSbP HD LEDs was 
demonstrated also by Krier et a l  [43]. These LEDs emitted at ~ 3.3 pm at RT were 
classified into two groups; the first group of LEDs had a type I band adjustment and 
the second group had a type II. The group of LEDs that had type II of band 
adjustment were more efficient (output power ~ 3.5 mW) due to the larger 
confinement of the carriers compared to the type I. The same group of researchers 
also grew a double heterostructure of GalnAsSb/InAsSbP LEDs emitting at 3.6pm 
with a power of ~ 2.15 mW at pulsed mode at RT with a gallium concentration of 
17% [127]. N. V. Zotova et al ,  reported InAsSb/InAs heterostructure LEDs grown 
by metal-organic vapour-phase epitaxy emitting at -3.95 pm at 300 K with a power 
of -  35 pW when injected by a quasi-biased (QCW) current (I -  150 mA) [128]. 
This was followed by an investigation made by the same group of double 
heterostructure grown by LPE of AlGaAsSb LEDs and several GalnAsSb LEDs 
based on a GaSb substrate and emitting in the 1.6-2.4 pm wavelengths range at 
room temperature [129]. This study found that the best LEDs in terms of internal 
quantum efficiency and output power (1.5mW) were the GalnAsSb LEDs which 
had 19% of Indium fi-action.
The double heterostructure LEDs succeeded in emitting light with high power 
compared to other structures. However, the presence of non-radiative Auger 
recombination prevents having this high power at RT. Therefore, researchers tried 
to reduce the impact of Auger recombination by making different structures.
4.2.1.4 LEDs with interband cascade structure
Krier et a l  [130] reported InAsSb/InAs based on InAs substrate multi QW 
homojunction LEDs grown hy MBE and emitting at -4  pm with an output power of
1.4 pW at RT. This low output power may be due to carrier leakage as the homo­
structure QW lacked adequate carrier confinement. Mid Infrared interband cascade 
light-emitting diodes (ICLEDs) were comprised of strain-compensated 
InAs/GalnSb/InAs “W” QWs and consisted o f 18 periods of the active region were 
reported [131]. The devices were grown by MBE on GaSb substrate and emitting at
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1 -  3.8 pm. The researchers found that the best output power (370pW at 1=15mA) 
at RT can be achieved when both thinning the substrate and implanting a grating on 
the top side of the wafer were made. Another approach was reported by Prineas et 
al  [132]. The researchers designed two groups of samples grown by MPE on a 
GaSb substrate. All the samples had the same materials which were GalnAsSb. The 
difference between these two groups was that the first one was a normal 
heterostructure. In the second group structure, the active region was cascaded in 4 
stages (full details of structure can be found in ref [132]). The results showed that 
the cascaded active region group had higher output power (350pW) and internal 
quantum efficiency (-53%) compared to the first group which had only one stage 
which had output power of 150 pW and internal quantum efficiency of 6 % . This 
increase in the efficiency was because the recycling of electrons by tunnelling to 
next active region rather than using bias current. This resulted in a reduction of the 
injected power to achieve the same power at RT.
4.2.1.5 Pentanary and QD LEDs based on InAs and GaSb substrates
Several groups of researchers focused on producing quaternary InAsSbP/InAs 
LEDs to emit at wavelength of 5.5 pm and 3.3 pm [25, 124, 133], and 
InGaAsSb/GaAs LEDs to emit at 4.2 pm [23, 25, 134, 135]. Fabrication o f LEDs 
based on InAsSbP/InAs/InAsSbP double heterostructure (HD) was introduced to 
emit at 3.3 pm with an output power of 140 pW at 1=1 A in a QCW mode and emit 
with an output power of 5.5 mW at 9 A when using pulsed operation [25, 127, 136]. 
Haigh et al,  investigated the effect o f varying the Aluminium concentration 
between 0 % and 8.8  % in AlxIni_xSb alloys grown by MBE on GaAs substrate for 
fabricating LEDs. This led to the achievement of several LEDs working at RT with 
different output efficiency [137, 138]. The most efficient LEDs were found when 
the mole concentration of Aluminium was 2.5% as the emitting wavelength was 
-5.3 pm. The output power at 25 K was -227 pW and the efficiency was -23.4%. 
However, as the temperature increased, the efficiency decreased and hence, the 
optical output power decreased by factor of -  10 at room temperature due to Auger 
recombination.
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In 2008 InAs/InSb quantum dot (QD) LEDs grown by MBE and emitting at -3.8  
pm at RT with a power of -  6 pW were reported [139, 140]. Multi QW InGaAsSb 
LEDs based on GaSb with quaternary AlGaAsSb barriers emitting at -3.13 pm with 
output power of 0.7 mW at RT were reported [141].
These studies showed that QD and QW LEDs were not very successful compared to 
DHLEDs.
4.2.1.6 Substantial improvement of MIR LEDs for application use
The feasibility o f using LEDs for detecting gases requires adequate output power. 
However, most LEDs did not have enough power to be used in such detecting 
systems, Golovin et al ,  were able to increase the power o f InAsSb/InAs 
heterostructure LEDs grown by MOVPE in order to be applicable for detecting 
0 0 2  [142]. They used a flip-chip design with developed output edge surface. Here, 
the electric contacts are placed on one side of the heterostructure and the radiation 
was coming from the free opposite side. The situation of downward facing crystal 
arrangement with an InAsSb epilayer significantly improved heat removal condition 
which in turn enabled the LEDs to operate at higher currents to gain high power. 
The light output contactless surface can be also used for immersing lenses [142]. 
The optimised LEDs that were operated in the QCW and emitted at 4.3 pm with 
power of 0.6 mW at RT had 1.3 times of output power compared to non-optimised 
sample. Naresh C. Das was able to achieve two wavelengths simultaneously from 
InAs/GalnSb/InAs (“W”QW) ICLEDs based on a GaSb substrate [143]. These 
devices were composed of 15 period active regions with InAs/AlSb superlattice 
injector emitting at 3.8 and 8 pm at RT with power of 200 and 190 pW, and -  0.43 
and 0.6ImW at 77 K for 3.8 and 8 pm respectively. The increase in the output 
power at low temperature was attributed to the reduction of Auger recombination at 
cryogenic temperature. There were other important approaches of producing dual 
wavelength LEDs with higher optical power. For example, Jung et a l ,  reported a 
strained multi quantum well structure containing InGaAsSb/AlInGaAsSb and 
InGaSb/AlGaAsSb LEDs that based on the same substrate (GaSb) and emitted
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simultaneously at 2 pm and 3 pm with power of 2.8 mW and 0.14 mW respectively 
at RT and QCW biased current [144]. InAs/InAsSbP heterostructure LEDs grown 
by MOVPE was reported by Astakhova et al ,  [136]. These LEDs were found 
emitting at a wavelength of -  3.4 pm with a power of up to 5.5 mW when they were 
injected by a current o f 9 A in pulsed mode operation. In the last year (2013) InP- 
based micro-cavity (known also as resonant-cavity) LED devices with a 
GaAsSb/GalnAs superlattice (SL) grown by MOVPE and emitting at a wavelength 
of 2.6 pm at RT with power of -33 pW for a current as low as 500 mA were 
reported [145]. This power in fact was high as it was the first time to achieve this 
power from LEDs fabricated by this structure using these materials based on InP 
which may open another area of fabricating LEDs in order to improve their 
performance.
Although good progress as illustrated above has been made on MIR LEDs 
particularly 3-4 pm wavelengths range but wavelengths of 3.5-3.7 pm are still 
required more improvement as the efficiency is still low. Therefore, a pentanary 
GalnAsSbP was proposed to fill this gap by good output power and efficiency. This 
pentanary GalnAsSbP Alloy which were used in this study is discussed in details in 
section 4.2.4.
Table 4.2.1 and two figures 4.2.1 and 4.2.2 summarise the above key points of 
important approaches in the development of LEDs in the mid infrared region to 
date.
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Table 4.2.1. The important achievements of LEDs operating at RT since 1993 up to date.
Alloy and tech Growth Vpm) PoutPW n(%) Ibias (A) DC% Year Ref.
InAs-based
InAsSbP/InAs LPE 4.7 10 - 0.1 - 1993 [146]
InSb-based
InAlSb/InSb MBE 5.5 0.74 1.9x10'^ 0.2 2.5 1994 [120]
GalnAs/AlInSb 
InP-based QC MBE 10 0.006 4x10"^ 0.6 20 1995 [121]
InAs/GalnSb/AlSb 
(IC) GaSb-based MBE 7.5 0.7 <10'^ 1 5 1997 [123]
InAs-based
InGaAsSb/InAs LPE 3.9 30 - 0.1 - 1997 [147]
InAs-based 
InAs/InAsSb QW MBE 5.0 50 1.3 1 QCW 1998 [148]
InAs-based 
InAs/InAsSb QW MBE 8.0 24 0.83 1 QCW 1998 [148]
InAs-based 
InAs/InAsSb/AlSb 
strained SL
MBE 4.2 100 2.8 2 14 1999 [122]
InAsSbP/InAsSb/InA 
sSbP 
InAs-based (DH)
LPE 4.6 1000 - 2 2 1999 [126]
InAs-based
InAsSb/InAsSbP LPE 4.5 50 2.7 1 1 1999 [117]
GaSb-based
InGaAs LPE 3.3 1330 0.01 8 1.5 2000 [124]
GaSb-based
InAsSbP LPE 4.3 200 0.02 8 1.5 2000 [124]
GaSb- based 
InAsSb/InAsSbP DH LPE 4.0 230 0.017 2.5 1.5 2000 [124]
InAs-based DH of 
InAsSbP/GalnAsSb/I 
nAsSbP
LPE 3.6 2150 - 2 0.1 2000 [127]
InAs-based
InAs/InAsSb/InAs
heterostructures
MOVPE 3.95 35 0.12 0.150 QCW 2000 [128]
GaSb-based 
GalnSb/InAs/AlGaAs 
Sb (“W”QWs)
MBE 3.3 55 2.5 0.8 - 2001 [149]
InAsSb/InAsSbP DH 
InAs-based LPE 3.3 3500 - 2 0.1 2001 [43]
GaSb-based 
GalnAsSb/ 
AlGaAsSb deep DH
LPE 2.2 1500 60 0.2 QCW 2003 [129]
InAs/GalnAs/AlSb 
(IC) “W” QW GaSb- 
based
MBE 3.8 370 - 0.015 QCW 2005 [131]
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Alloy Growth l(pm ) PoutpW n(%) Ibias (A) DC% Year Ref.
InAs-based 
InAsSb/IuAs MQW MBE 4.0 1.4 0.2 0.5 QCW 2006 [130]
GaSb-based 
GalnAsSb/GaSb IC MBE 2.4 350 53 0.1 - 2006 [132]
InSb-based
InGaAsSb/InAs LPE 3.3 160 - 1 - 2006 [135]
InAs-based
InAsSb/InAsSbP LPE 4.2 30 0.05 0.5 c w 2006 [23]
GaSb-based 
InAs/GaSb (SL) MBE 4.1 100 - 0.1 QCW 2008 [150]
GaSb-based 
InGaAsSb/ 
AlInGaAsSb starind 
QW
MBE 3.13 700 17 0.7 QCW 2008 [141]
InAs-based 
InAs/InSb (QDs) MBE 3.8 6 0.4 0.2 QCW 2008 [139]
InAs-based
GalnAsSbP/InAs LPE 3.7 7.5 3.5 0.1 QCW 2009 [151]
GaAs-based 
InAsSb/InAs (QWs) MBE 3.7 12 2.2 0.1 QCW 2009 [152]
InAs-based
InAsSbP/InAs/InAsS
bP(DH)
MOVPE 3.3 5500 19 9 QCW 2010 [136]
InAs/GalnAs/AlSb 
(IC) “W” QW 
GaSb-based
MBE Dual3.8,8 200,190 - 0.04 QCW 2010 [143]
GaSb- based 
InGaAsSb/AlInGaAs 
Sb and 
InGaSb/AlGaAsSb
MBE Dual2,3
2800,
140 - 0.6 QCW 2010 [144]
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In summary, the first LEDs emitted at the visible wavelengths. After achieving 
diode lasers, most researchers concentrated on this field. As a result, the 
improvement of LEDs working in the MIR range was slow. Therefore, there were 
few reports of LEDs in this range and until 1994 they were only working at 
cryogenic temperatures. All the LEDs illustrated in the table have been fabricated 
since and were operating at RT.
The heterostructure LEDs fabricated afterwards were having non-radiative 
recombination mainly Auger recombination and inter-valence absorption that affect 
their performance. To overcome these losses double heterostructure, quantum well, 
interband quantum cascade and quantum cascade devices were fabricated and 
demonstrated.
The common important effect of the output power is the non-radiative Auger
recombination in the narrow band materials. Auger recombination increases as the
bandgap decreases. The Auger recombination process can be supressed by using
strained quantum wells and superlattices, quantum cascade and quantum dot
structures. By looking at table 4.2.1 and figures 4.2.1 and 4.2.2 above, the double
hetero structure devices and the interband cascade LEDs seem to be the best in
general. The DH structure offers a good carrier confinement but consists o f several
materials and hence will not be favourable in terms of material cost and the
simplicity o f growth. The advantage of the ICLED structures is that the electron is
recycled for several stages (15-30 average) resulting in getting the same power as a
DHLED structure but with lower biased current. However, DH and IC LED
structures are still suffering from Auger recombination unless strain is used. The
QDLED and QCLED structures did not show good results in the literature. The
reason for the lower output power for the LEDs that consisted of quantum cascade
structures was because of the long lifetime of the spontaneous emission process
compared with the lifetime of optical phonon scattering as discussed in chapter 2.
Therefore, most o f the carriers are scattered by phonons rather than recombining
radiatively. The strained quantum well and superlattice (SL) LEDs had better output
efficiency than QCLEDs and QDLEDs. This was achieved by the strained quantum
well structure which decreased the Auger and inter-valence process as discussed in
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chapter 2. The best LED performance reported in terms of materials was when a 
quaternary and a pentanary were used in a DH structure. InGaAsSb based on InAs 
or GaSb was commonly used in reported LEDs. However, AlSb and InAsSbP were 
used as barriers in such alloys. Ternary alloys were successfully used in Quantum 
well and IC structures. Pentanary alloys DH structure LEDs used in this study were 
designed with a large spin-orbit splitting (ASO) in order to suppress the CHSH 
Auger recombination process. Therefore, the pentanary InGaAsSbP alloy historical 
review is addressed and discussed in the next section.
4.2.4 InGaAsSbP pentanary LEDs
Ternary and quaternary alloys such as InGaAs and InGaAsSb are commonly used 
for LEDs emitting in the range of 2-5 pm [153]. However, the LEDs based on such 
materials are dominated by Auger recombination.
The pentanary III-V alloys used for LEDs in the MIR were AlInGaAsSb and 
InGaAsSbP. However, although several GalnAsPSb alloys had already been grown 
before 1999, there had been very little work using these alloys for LEDs [154]. 
Pentanary InGaAsSbP alloy have several advantages compared to other III-V 
materials that are already established. The presence o f the fifth element (Sb) makes 
it possible to develop heterostructures by controlling the bandgap without lattice 
mismatch and to add a degree of freedom at a given bandgap to make the properties 
of this alloy such as spin-orbit splitting independent of the bandgap. Various 
choices of substrates for epitaxial growth can then be used with this alloy due to the 
capability of being lattice matched to GaAs, InAs, InP and GaSb [155, 156]. This 
may also result in a decrease of defects [150, 153], and CHSH Auger recombination 
as the spin-orbit band was pushed further by introducing antimony since InSb has a 
large Aso (which will be discussed later in section 4.3). Luminescence emission 
properties o f GalnAsSbP/InAs heterostructures and LEDs wavelengths shorter than 
4 pm (1 < 4 pm) grown by liquid phase epitaxy (LPE) lattice matched to InAs were 
reported in 1992 [1, 153, 157].
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Fig.4.2.3 The bandgap and spin-orbit splitting diagram of GalnAsSbP pentanary alloy.
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Fig.4.2.4 PL spectra of the pentanary InGaAsSbP showing that the wavelength at T=4 K (A) was 
longer than of after increasing temperature and disappeared at 55 K. A shorter wavelength was seen 
at 15 K (B) then it was blue shifted with increasing temperature up to 180 K [22]
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Therefore, the first work on using GalnPAsSb based on InAs [158] and on GaSb[l] 
to fabricate LEDs emitting at ~ 1.9 pm was published in 1996 [25, 153, 158].
In 2003 Khvostikov, et al. demonstrated a heterojunction with a type 11 alignment of 
InAs/Ga0.92ln0.08Aso.osS b 0 . g 7 P 0 . 0 5  that can emit in the range of 2.4-2.7pm at 77 K 
[153, 159]. In 2007 only few groups of researchers have investigated this alloy 
(based on GaSb) compared to quaternary and ternary alloys [1, 155, 160, 161]. The 
composition used for this alloy was Ga0.02ln0.98As0.84P0.02Sb0.14 and the bandgap 
was 305 meV at 300 K with an output power of 5 pW at RT which was a higher 
efficiency compared to optimised InAs(Sb) devices despite the fact that it was an 
unoptimised homojunction diode that had no confinement barriers [155]. Krier et al  
(2007), focused on the pentanary alloy GalnAsSbP to improve the LEDs. They 
studied the alloy characteristics using electroluminescence at room temperature 
[162], and the effect of the large spin-orbit splitting energy [1]. This alloy was 
recommended to be grown on InAs substrate because it seemed to be more suitable 
for fabricating emitting devices than GaSb substrates [163].
Cripps et al  in 2007 predicted that the CHSH Auger process is not of key 
importance because the spin-orbit splitting Aq (~ 460 meV) was greater than the 
bandgap energy Eg (-366) as shown schematically in figure 4.2.3 with different 
concentration percentage of Sb [77, 164]. Simultaneously, Smirnov et a l  [22] 
experimentally obtained PL for p-i-n heterostructure Ga0.03ln0.97As0.84P0.05Sb0.11 
LED which shows two peaks at different temperature as illustrated in figure 4.2.4. 
The redshift peak was attributed to a band - to - acceptor transition. They also 
showed that CHSH Auger recombination does not occur as Aso>Eg at all 
temperatures. Mid infrared EL from a Ga0.04ln0.96As0.g2Sb0.14P0.04 alloy grown on 
InAs was improved further by utilising InAsSbP/GalnAsSbP pentanary-quatemary 
heterojunction [26, 165]. The output power of this alloy has been reported to be 
-7.5 pW at 300K with a wavelength o f -3.7 pm [151].
A further investigation was done on a slightly different composition of the same 
alloy which is lattice matched to GaSb by using photoluminescence to confirm that 
the band-hand transition takes place between localised states in the conduction and
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valence band edges [162]. In 2008 Gagis et a l  suggested to use 
AlGalnAsSb/GalnAsPSb/AlGalnAsSb heterostructure with a 10 nm active region 
layer to produce lasers at room-temperature with an estimated Jth ~ 400 A  cm"^  
taking advantage of the suppression of CHSH Auger recombination [163]. The first 
report o f an undoped Gao.03lno.97Aso.83Sbo.i4Po.03/lnAso.58Sbo.26Po.i6 
heterojunction based on InAs LEDs grown by liquid phase epitaxy using a 
horizontal sliding boat was by Cook and Krier in 2009. They also calculated the 
band offset AEc-52 meV and AEv-156 meV for the pentanary-quatemary, and the 
band offset AEc-71 meV and AEv-103 meV for the InAs-pentanary [151].
4.2.5 Auger recombination
The challenging problem in narrow bandgap LEDs particularly in the mid infrared 
region is the well-known non-radiative Auger recombination process. The different 
types of Auger recombination were discussed in chapter 2. In 2001, Krier reported 
that the major loss in 111-V LED devices such as InAs is mainly attributed to non- 
radiative recombination including Shockley Read Hall (SRH) recombination which 
occurs when the device is injected with low current and CHCC Auger 
recombination at higher currents. Furthermore, it has been concluded that the 
improvement of 111-V LEDs can be achieved as a result o f using particular 
techniques to reduce concentration of carriers which enhances Auger recombination 
by using a type 11 quantum well stmcture to suppress Auger recombination [43].
In MIR devices, reducing the Auger recombination process can be achieved by 
cooling devices down which causes an enlargement of the bandgap and more 
importantly decreases the thermal distribution of carriers in bands leading to a 
reduction of the Auger recombination [13, 108, 166-171]. Since the carriers are in 
thermal equilibrium at room temperature, there is a large possibility (increases with 
T) that the carriers can occupy higher states in the conduction band as the carrier 
distribution is broadening and thus make Auger recombination more likely to occur.
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Fig.4.2.5 Schematic diagram showing the increase of radiative process and decrease of Auger 
process with increasing hydrostatic pressure.
High pressure applied to MIR devices is advantageous to reduce Auger non- 
radiative recombination. EL measurements under application of hydrostatic pressure 
using helium gas up to 10 kbar at room temperature were carried out by Choulis et 
al. on InAs double heterostructure (DH) LEDs grown by LPE and emitting at 3.3 
pm at RT. The light output intensity at constant current of these LEDs was found to 
increase by a factor of 3.74 at high pressure. This success in achieving an increase 
in the LED output intensity is evidence for the fact that the Auger recombination 
process is dominant in such devices under ambient conditions [172]. Therefore the 
application of high pressure can lead to a suppression of Auger recombination as 
shown in figure 4.2.5 due to the increase of the bandgap as the lattice constant 
decreases with increasing pressure [100, 172, 173]. Therefore the CHCC Auger 
recombination process is reduced. This is because the probability of non-vertical 
transition decreases when the bandgap increases owing to the increase of the energy 
and momentum of the carriers making non radiative recombination. Subsequently, 
the vertical transition becomes much stronger, resulting in an improvement in the 
radiative recombination process as most carriers contribute to the radiative 
recombination. However, the possibility of having CHSH Auger recombination is
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still possible if  the spin-orbit splitting is not large enough where the holes can 
conserve the momentum and energy with electrons by making non-vertical 
transition which leads to an occurrence of CHSH Auger recombination as was 
illustrated in figure 2.11.2 (c). Leakage current was assumed to be independent of 
pressure [25, 173] because the band offset remains constant with pressure.
Furthermore, spin-orbit splitting (Aso) plays an important role in the materials with 
narrow bandgap. This is because the non-radiative recombination process resulted 
from non-vertical transitions or inter-valence band absorption (IVBA), can be 
crucial when the bandgap of such materials becomes close to the Aso as in the case 
of InAs and related alloys (Eg= 0.417 eV, Aso =0.39 eV). InSb, however has a larger 
Aso compared with its bandgap ((Eg=0.235 eV, Aso =0.81 eV) [30, 104]. Therefore, 
increasing Aso to be larger than the bandgap is considered as a method for 
suppressing IVBA and non-radiative CHSH Auger recombination [4] . Increasing 
the Aso to be larger than the bandgap has been achieved in InAs-based 
InGaAsSbP/lnAsSbP alloy that comprised our LED devices [151, 174], therefore 
we aimed to show that in these devices the CHSH Auger recombination process at 
room temperature is suppressed.
4.2.6 Suppression of Auger recombination processes
Auger recombination processes are a very deteriorative factor that makes 
semiconductor devices inefficient particularly at RT. Nevertheless, there are several 
methods to suppress the Auger recombination processes.
From equation 2.11.5 in chapter 2 the non-radiative Auger recombination rate is 
proportional to the squared electron density and holes density p  in case of CHCC 
Auger recombination and proportional to the electron density n and squared holes 
density in case of CHSH and CHLH Auger recombination. This means. Auger 
recombination increases in the case of increasing the density o f electrons and holes 
that have k#0.
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Fig.4.2.6 Schematic of the electrical band structure illustrating (a) the case when there is a large 
density of state imbalance where the conduction band and the valence band Fermi levels are far 
away from the edges of both bands respectively and (b) when the density of state imbalance is 
decreased by decreasing the hole effective mass [4].
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Fig.4.2.7 Schematics of electrical band structure showing (a) CHCC Auger recombination and a 
suppression of CHCC Auger recombination (b) when strain is applied, (c) suppression of CHLH 
when using p-type QWs or SLs and (d) suppression of CHSH when using materials that have 
large Aso.
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The activation energy of CHCC Auger recombination is also proportional to the 
inverse of the heavy hole effective mass whilst CHSH Auger recombination is 
proportional to the effective masses o f spin-orbit splitting and heavy hole bands. 
Therefore, in order to reduce the Auger recombination rate, it must eliminate the 
heavy hole states which have larger k and also increase the Aso.
One of the first attempts to find a solution for the limitations of the output 
efficiency at RT caused by Auger recombination is making an intensive effort to 
suppress these processes by so-called band structure engineering technique which 
can be possibly achieved by epitaxial growth techniques, [49, 51, 54, 166].
Controlling the final state of Auger recombinations is the key to reduce or supress 
these processes [4]. In addition, density of states imbalance plays also an important 
role. Therefore it is important to decrease the density of states at the top of the 
valence band. To achieve this purpose, there are two different methods; applying 
strain that causes a change in the symmetry of the crystal and hence makes a 
splitting in the hole bands making the final state of Auger recombination 
unreachable (the Auger gap is large enough) to be occupied by holes that can 
conserve the momentum and energy to make non-radiative Auger recombination. 
Furthermore figure 4.2.6 shows that the strain makes the in-plain heavy hole 
effective mass lighter than unstrained materials and therefore the density o f state 
imbalance will decrease and hence the Auger activation energy will increase. 
Tensile or compressive strain can also be used to remove the degeneracy of states at 
centre zone and hence the density of states decreases at the valence band as 
illustrated in figure 4.2.6 [166]. Thus, the possibility o f available filled states of 
holes reduces as seen in the figure 4.2.7 (b). In addition, the Auger process can be 
also reduced by compressively strained quantum wells [166, 175, 176].
Another way to reduce the density of states imbalance is by using quantum well 
type-II confinement to approach splitting of heavy and light hole states due to the 
variation of their effective masses. This can effectively suppress CHLH as the gap 
between the valence subbands (HH and LH) becomes larger than the bandgap at 
m  [177].
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Using bandgap engineering of a selective superlattice structure, can also lead to 
minimise non-radiative Auger recombination [4, 16, 30, 167] as the minigaps in the 
valence band can make the final state of the of CHLH Auger recombination process 
far away of being resonant with the bandgap [4] as shown in figure 4.2.7 (c). 
Moreover, the lifetime of Auger recombination can be enhanced also for n-type 
superlattice when the minibands width is smaller than the bandgap [178]. This in 
turn can reduce the rate of Auger recombination. An investigation o f InGaSb/InAs 
superlattices did not show an occurrence of CHCC Auger recombination [166, 179- 
181].
Increasing the device diameter can also lead to a reduction in the injected carrier 
concentration and hence making Auger recombination process less important, for 
example, Krier et al  reported an Sb-rich InAsSb/GaSb LED with a diameter of 
-1mm that was dominated by radiative recombination up to 300 K [4, 182]. 
However, reducing carrier concentration affects the output power which is the most 
important factor in semiconductor emitters, hence increasing the device diameter is 
not effective technique to reduce Auger recombination rate compared with the 
reduction in Auger recombination rate by the QW devices.
Addition of materials that have large Aso such as GaSb or InSb as used in the 
devices investigated in this chapter, is a key of increasing the spin-off splitting 
band, since the CHSH Auger recombination will be suppressed as long as the Aso is 
larger than the bandgap as illustrated in the figure 4.2.7 (d).
4.2.7 Auger recombination temperature dependence
As mentioned in chapter 2, the bandgap of semiconductor devices decreases with 
the increase of temperature.
As a result, it causes an exponentially decrease in the LED output intensity as seen 
in the figure 4.2.8 (a) and (b). This is because of the increase of the possibility of 
Auger recombination process particularly CHCC (or CHSH when the Aso is very 
close to the Eg) which can inhibit the LEDs and lasers from radiative recombination 
at room temperature [125] or significantly decreases the intensity. These
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observations reported in figure 4.2.8 are in good agreement with equation that 
describes the Auger coefficient as explained in chapter 2.
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Fig.4.2.8 Reported experimental results of increasing in the Auger temperature rate of (a) LEDs 
power with internal quantum efficiency r\ [23] and (b) LEDs intensity [24]
Broadening the bandgap [182] and increasing the mobility of carriers [46, 125] also 
increase the probability of Auger recombination due to increasing the possibility of 
available occupied states by electrons in the conduction band and holes in the 
valence band that fulfil the conservation of the momentum and energy and thus 
recombine non-radiatively.
4.2.8 The effect of hydrostatic pressure on Auger recombination
The application of hydrostatic pressure on a semiconductor device is an 
investigative tool which can change the lattice constant of the crystal which 
correspondingly changes the property of the structure such as bandgaps and the 
energy of intervalley minima [99, 101-103]. Hence, it is very useful to understand 
the recombination mechanism of the bandgap of compound materials or alloys [100, 
172, 173]. Here, when the bandgap becomes larger because of the application of 
pressure, the possibility of Auger recombination becomes less significant and
92
therefore improvement of output efficiency occurs. Furthermore, as pressure 
increases the effective masses and the bandgap, the Auger lifetime becomes longer 
and hence the possibility of Auger recombination decreases [183]. The pressure 
coefficient relates to the effective masses of the band edges and therefore describes 
the rate of movement o f the band edges energy when increasing the applied pressure 
[104].
4.3 MIR LEDs devices structure
This research was conducted to investigate two groups of similar LED devices 
provided by Lancaster University where they were grown, fabricated and packaged. 
These devices are grown using liquid phase epitaxy (LPE) [151] which is an 
inexpensive method compared with MBE [43]. Undoped epitaxial layers of 
pentanary Ga0.03In0.97As0.83Sb0.14P0.o3 ('^ 3 la m  in thickness, Eg(soo k ) ~ 0.32 eV) were 
grown lattice-matched on n-type (2x10^  ^ cm' )^ InAs (~ 450 pm in thickness). A 
wider bandgap (Eg(soo k ) -0.44 eV) p*^  (Zn) InAso.62Sbo.14Po.24 quaternary layer (~2 
pm in thickness) was then grown to form the p-n heterojunction. Details o f the 
growth procedure can be found in Ref. [26, 151]. Circular mesa diodes were 
subsequently fabricated with diameters of 750 pm with a 300 pm spot contact for 
group 1 of devices ( device 1) and 300 pm with a 100 pm spot contact for group 2 
of devices (device 2) using conventional photolithography to form the LEDs [25, 
26, 151] as can be seen in figure 4.3.1
Figure 4.3.2 shows a band diagram based on a calculation of the LEDs used at 77 K 
under forward bias [151]. The carriers in the active region are confined in the active 
region which prevents carriers from scattering to the adjacent interfaces. This 
confinement is formed because of the differences in the bandgaps o f the materials 
used in the pentanary alloy. These devices have a very weak signal at room 
temperature owing to non-radiative recombination processes mainly the CHCC 
Auger recombination process.
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Fig.4.3.1 SEM image on the right hand and optical image on the left hand of one the samples used 
which has a mesa diameter of 750 pm with a diameter of 300 pm gold contact [25].
InAsSbP(Zn) 
(0.510 eV)
AE,=26 meV
GalnAsSbP
77 K (0.366 eV)
Aso (0.455 eV)
2p,m3pm450u
>  Z
Fig.4.3.2 Calculated bandgap structure of the pentanary Gao o3hio.97Aso.83Sbo.14Po.03 LEDs used 
under zero bias. Electrons and holes for InAsSbP in the active region are confined in the 
conduction band and valence band by 26 meV and 80 meV respectively. They are also confined 
with the interface of InAs by 64 meV and 103 meV in the conduction band and valence band 
respectively.
The most important advantage of this structure is the increase in the spin-orbit split- 
off (Aso) which equals 0.450 eV whereas the bandgap at room temperature is equal 
to 0.319 eV. Thus, this difference in energy between the bandgaps can suppress the
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CHSH Auger recombination process [4, 26, 104, 111, 151]. Furthermore, the fifth 
element (Sb) added to this alloy allows more flexibility in tailoring the device 
performance such as fixing the lattice constant and bandgap and increasing the spin- 
orbit-splitting band in the same time. Hence the alloy composition can be 
independently controlled by adjusting the properties o f composition materials to 
achieve an increase in the spin-orbit split-off which leads to a suppression of the 
CHSH Auger recombination process [151].
4.4 Results and discussion
The aim of this research was to investigate the limitations in the output efficiency in 
these LED devices under different conditions of temperature and pressure in order 
to understand the mechanism of such limitation and the factors that cause this 
deterioration in the output intensity particularly at room temperature. In the first part 
of this section, the temperature dependence o f the LEDs output intensity (L-I) and 
their wavelengths measured for each device at different temperatures is discussed. 
Further discussion and evidence of Auger recombination suppression are addressed 
by analysing the results of the output intensity (L-I) at several values o f hydrostatic 
pressure at room temperature and 100 K. Wavelength measurements under applied 
pressure at room temperature have provided an evidence of suppression of CHSH 
Auger recombination process under ambient conditions.
4.4.1 The effect of increasing temperature on the output efficiency
The measurements o f the temperature dependence of the Light-Current (L-I) 
relation were performed by recording the output intensity of the emitted light firom 
the LEDs with increasing current for each specific temperature.
Figure 4.4.1 shows the intensity as a function of current and temperature of the best 
two different devices investigated. The highest intensity observed with the same 
current injected is from the device which has the smaller diameter because the 
amount o f electrons defuse to the active region are larger compared to the amount
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Fig.4.4.1 Normalised output intensity at different temperatures of the LED device 1 on the top and 
device 2 on the bottom emitting at 3.7 pm when injected by pulsed current with a duty cycle of 
0.5%. The curves show that there is a decrease of the output intensity with increasing temperature 
due to the increase of the Auger recombination process with the increasing temperature. The right 
axis shows the measured intensity.
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being used in the active region with the same injected current at the same 
temperature in the case of larger device diameter. However, in order to study the 
temperature dependence more accurately the error in the intensity resulting from the 
external optical loss is eliminated by normalising the intensity
The normalised output intensity increases sub-linearly with increasing current. It 
can also be seen from the figure 4.4.1 that the output intensity increases with 
decreasing temperature. This improvement in the output intensity at low 
temperature may be attributed to a reduction of non-radiative processes such as the 
Auger recombination process or carrier leakage.
(a) at low T (b) at RT
C B
HH
LH
S O
Fig.4.4.2 Schematic diagram shows the probability of Auger transition at (a) low temperature 
where the bandgap becomes larger and (b) at room temperature when the bandgap decreases.
According to this observation and relation (2.11.7), the Auger recombination 
activation energy is increasing with decreasing temperature. This means the Auger 
recombination processes decrease with decreasing temperature as schematically 
illustrated in figure 4.4.2 (a). This decrease of Auger recombination with decreasing 
temperature is related to the fact that the bandgap at low temperature becomes
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slightly larger [35, 184] and the broadening of electrons distribution in the 
conduction band becomes smaller when the temperature decreases [44,46, 125].
Furthermore, the process o f Auger recombination decreases due to the fact that 
there are no states to be occupied in the valence band which can conserve the same 
amount of energy and momentum of the electrons in the conduction band ( or vice 
versa ) needed for non-radiative Auger transition. However, at room temperature the 
distribution of carriers becomes broadened as shown schematically in figure 4.4.2 
(b). In this case the recombination between non-equilibrium particles where the 
energy and momentum can be conserved is likely to occur. Thus, this non-radiative 
recombination is the excitation of the particle to a higher energy level which 
subsequently releases the energy through the lattice vibration. This makes the 
output not efficient at room temperature.
4.4.2 Characteristic temperature T%
In the LEDs, the temperature characteristic Ti is determined according to the output 
intensity at different temperatures. Therefore, the relation 2.15.4 in the chapter 2 
can be written as:
If we look at the light output at a fixed current, where the total current Itot is 
comprised of the radiative current Irad and non-radiative current I^ rad-
hot ~  had  "b ^nrad
The output intensity (L) is proportional to the radiative current (i.e. L oc Irad\ thus L 
oc (/- Inra^ - However, as the logarithm of light output intensity is proportional to the 
inverse of the temperature as plotted in figure 4.4.3.
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Ln (L)
T
Fig.4.4.3 Plot of the relationship between the light output intensity and temperature.
Here, as ln(L)= In (Itor Inrad)^  therefor, ~^ = ln(k (Itot -Imad))> where Â:is a constant.Ti
Hence, k (1,„, - l„rad)= exp and then I„rad =  hot -   ^ exp
If we let /c =  ^  then lyirad = hot ~  h  ' Gxp , then Inrad can be schematically 
plotted as on figure 4.4.4
tot
T
Fig.4.4.4 Schematic plot of the relation between Inrad and temperature.
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Furthermore, the proportional intensity L at a temperature T to the intensity Lq at 0 
K implies the sensitivity of the device to temperature. As sensitivity of temperature 
is related to the output intensity and efficiency, thus, Ti will be a valuable tool to 
understand whether the device under investigation is sensitive to temperature or not. 
Temperature sensitivity also implies a change in the recombination processes such 
as Auger recombination.
The value of Ti over a range of temperature with fixed injected current may vary as 
the output intensity decreases exponentially with increasing temperature for most 
narrow band materials.
at 50 mA 
at 100 mA 
at 150 mA
D2:
T (^K) = 77+2,81 ±1.6, 84.6±374-
D2
? 2 7 - at 50 mA 
at 100 mA 
at 150 mA
_i°10
D1: ^
T (^K) = 76.6+2.1,80.8 ±1, 90±4.3
150 200 300100 250
Temperature (K)
Fig.4.4.5 Characteristic temperature of the devices 1 and 2 emitting at 3.7|um at RT. These values 
of Ti were obtained at three different biased currents with a duty cycle of 0.5%.
Figure 4.4.5 shows a plot of relation 4.4.1 where ( — ) is the normalised output\Lq/
intensity at a specified current density and T^  is the inverse of the slope of T.
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Characteristic temperature (Ti) values were calculated at different current points (50 
mA, 100 mA and 150 mA) which were extracted from figure 4.4.1
The values of Ti were found in the range from 77+2 K to 90+4 K for the device 1 
and 77+2 K to 85+3 K for the device 2 in a range of injected current density 
between 50 mA and 150 mA and in a range of temperature from 80 K to 300 K.
The values of Ti for both devices indicate considerable decrease of radiative 
efficiency as the non-recombination processes become significant with increasing 
temperature. Therefore, their performance in terms of output intensity becomes 
much better and brighter at low temperature as shown in figure 4.4.1. It can also be 
noticed that the Ti decreases as the injected current increases, this is consistent with 
the fact that Auger recombination is proportional to the cubic carrier density and 
hence it increases with the increase of electrons concentration as injected current 
increases. However, carrier leakage is also a function of carrier concentration. 
Therefore, the device is likely to suffer also from further carrier leakage as the 
injected current increases.
Both possibilities, the increasing of Auger recombination and increasing o f carrier 
leakage can be related to the reduction in Ti with increasing injected current. 
Furthermore, the characteristic temperature of these LEDs is slightly smaller 
compared to AlGalnP/GaAs LEDs emitting at 625 nm with Ti~ 95 K [9] and 
GalnAs/GaAs QW-based LEDs emitting at 930 nm with Ti~112 K [97]. This is 
consistent with a higher Auger contribution at longer wavelengths. Moreover, as it 
was mentioned in chapter 2, the temperature characteristic can provide a good 
indication of non-radiative limitation. Therefore, the non-radiative recombination 
indicated by T% can be related to a carrier leakage, recombination at defects or 
Auger recombination. These three processes play an important role in MIR bulk 
materials particularly Auger recombination which limits their performance.
Defects can also be taken into account particularly at low injected current where 
large recombination can occur at defects. However, carrier leakage may be 
neglected due to the confinement in the active region by the quaternary alloy 
(InAsSbP).
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Fig.4.4.6 Plot of equation 4.4.3 as a function of carrier density showing (a): the radiative efficiency 
and (b) the inverse of the radiative efficiency.
Therefore, the low value in Ti is likely to be attributed to Auger recombination 
process particularly at the range of injected current 50-150 mA.
As discussed above the temperature dependence of both device is approximately 
similar, further temperature dependence analysis therefore will be applied on the 
smaller device diameter (device 1) as it produced higher intensity with the same 
current compared to the larger device diameter (device 2)
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From the equation 2.11.1 in chapter 2 we can define the radiative efficiency ?? =  j  
as below:
V = 1  =
Bn^
An+Bri^+Cn^
(4.4.2)
therefore.
1 An+Bri^+Cn^ A ,  ^ , Cn-  = -------- :----- = ----- 1-14----
7] Bn^ Bn B
(4.4.3)
Here, r\ is proportional to the inverse of the Auger coefficient. In terms of carrier 
density n, the term  ^^  ^  as n ^  0 (low current) and  ^^  ^  as n oo (high
current).
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Fig.4.4.7 Light efficiency versus injected current density over a wide range of temperature of 
device 1.
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Thus, the efficiency can be plot as a function of carrier density which is 
proportional to the current density as shown in figure 4.4.6 according to equation
4.4.3 by substituting A, B and C by their values found in the appendix A. The 
radiative efficiency increases with increasing the carrier density as can be seen from 
figure 4.4.6 when the carrier density is low (i.e.<~2xl0^ cm"^ ) then decreases with 
further increase of the carrier density.
Figure 4.4.7 shows the light efficiency p as a function of current density. According 
to the relation 4.4.3, The inverse of the slope of the efficiency from figure 4.4.7 
plotted against temperature as shown in figure 4.4.8 which shows that the 
coefficient (Q  is sensitive to temperature as it mentioned in relation (2.11.7) in the 
chapter 2 [19, 25, 35].
Figure 4.4.8 (a) shows that the gradient of radiative efficiency decreases with 
increasing temperature at low current density (10-50 A/cm^). This decrease may be 
due to the increase of Auger recombination as the temperature increases.
First, the auger recombination processes increase with increasing temperature at a 
specific current density and also increase with increasing current density at a 
specific temperature. This yields more increase of Auger recombination with 
increasing both current density and temperature.
Secondly, at low current density and low temperature the Auger recombination 
processes are minimal, and then these processes become comparably significant at 
high temperature resulting in a comparable decrease in the efficiency.
Finally, the rate o f Auger recombination increases with increasing current density at 
low temperature and also increases more at high temperature at the same current 
density. However, as the radiative recombination rate increases with increasing 
current density but this rate decreases with increasing temperature, the relative rate 
of radiative recombination at high temperature to low temperature with high current 
decreases with increasing temperature but smaller than the relative rate of Auger 
recombination at high temperature to low temperature as Auger recombination is 
already large at high current density according to the relation 2.11.5 in chapter 2. 
Hence the apparently increase of the gradient efficiency with increasing temperature
1 0 4
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Fig.4.4.8 The change of efficiency with temperature of the device 1 at (a) low current density (10- 
50A/cm^) and (b) high current density (150-250 A/cm^).
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as shown in figure 4.4.8 (b) is very small compared to the decrease of the gradient 
efficiency with increasing temperature at low current whilst the absolute efficiency 
decreases with increasing temperature.
The prediction of the fact that the Auger recombination is dominant in these devices 
at high temperature (i.e. RT) or high current would be in agreement with research 
that attributed the high loss in the efficiency of Output o f narrow bandgap 
semiconductor materials to the Auger non-radiative process. Therefore, further 
investigation was made to confirm this early prediction.
4.4.3 Investigation the influence of Auger by using the Z analysis
The Z analysis was used in order to identify the type of recombination processes 
[35, 43]. Z values can be obtained as described in section 2.12 in chapter 2. Figure
4.4.9 shows Z values (a) at 100 K and (b) at room temperature for different current 
densities. However Z values may be misleading especially in the presence of defect 
and Auger recombination processes because the value of Z may equal 2 (radiative 
only) while it might just be an average of 3 (Auger) and 1 (defect). Therefore, Z 
analysis can indicate the type of process which is assumed to be correct unless the 
output intensity gives a different indication. For example when Z is around 2 which 
means radiative recombination is dominant, and the intensity of this device in the 
real measurement is very weak, then Z value may be as a result o f the contribution 
of defect and Auger recombination assuming no leakage current as the carriers are 
confined between two potential barriers as described in section 4.3 and shown in 
figure 4.3.2. As it was mentioned in chapter 2, the light intensity L is proportional 
to the radiative term in relation 2.11.1. Thus, assuming no leakage current we have:
However,
^  =  eV(A +  2Bn +  3Cn^) (4.4.5)
Therefore,
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n  ^  _  eV{An+2Bn^+3Cn'^)
I d n  eV(An+Bn^+Cn^')
  eV{An+Bn^+Cn^)+eV-Bn^+2eV'Cn^
eV {An+Bri^+Cn^)
(4.4.6)
(4.4.7)
=  1-1---------— --------- 1-------------   (4.4.8')
éV(An+BTn?+Cn^ ') eViAn+Bri^ -VCn^ )
=  1 + ^  +  ^  (4.4.9)
Hence, if we assume and =  0.5 and =  0.5, then Z=2.5 which gives
approximately reliable value that indicates radiative and Auger recombination
contribute equally. However, if  we assume «  0 and «  0.5, then Z=2
which in this Case gives a wrong number as it indicates radiative recombination 
whilst it is due to combination of defect and Auger recombination.
Figure 4.4.9 (a) shows that at a low current and a temperature of 100 K defect 
recombination dominates , then the radiative current becomes dominant above ~ 30 
A/cm^ even the slope can takes values around 2 and above due to the nonlinearity o f  
the curve. Above 70 A/ckm and at room temperature, in contrast, as seen in figure
4.4.9 (b) the device is dominated by Auger recombination. It was observed that the 
detector starts detecting light at room temperature at a lower injected current 
compared to the case of operation at 100 K. A higher intensity at RT than that of 
100 K of the same current density up to 15 AJcw? was also observed.
This observation agreed with the Z analysis (discussed later) which indicates that 
these LEDs have defects that play a role in the non-radiative process at low 
temperatures and low injected currents more than at room temperature with the 
same injected current.
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Fig.4.4.9 Z values results of device 1 which was injected by pulsed current of a duty cycle of 0.5% 
for two different temperatures: (a) at 100 K and (b) at room temperature.
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Fig.4.4.10 An example of a drawing of virtual lines; red, green and blue with slopes of 1,2 and 3 
respectively on the plot of Z curves of device 1 biased by pulsed current with a duty cycle of 0.5% 
(a) at 100 K and (b) at room temperature. The results are plotted in figure 4.4.8.
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Fig. 4.4.11 Proportion of the contribution of each recombination process to the total current 
density (a) at 100 K and (b) at room temperature for device 1 biased by pulsed current with 
duty cycle of 0.5%.
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Fig.4.4.12 Percentages of the contributions of each process (Defect, Radiative and Auger) extracted 
from the Z analysis at (a) 100 K and (b) room temperature for device 1.
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Hence, it can be suggested as figures 4.4.9 (a), 4.4.10 (a) and 4.4.11 (a) illustrate 
that the defect recombination process is dominant at low temperature and low 
current. This might be attributed to the defects in the junction interfaces [26] as the 
defects are inherent in GaSb and related alloys [155]. However, at high current and 
low temperature, the radiative recombination process is the most dominant. Auger 
recombination with other non-radiative recombination such as leakage become 
dominant at room temperature and above as it is illustrated in figures 4.4.9 (b), 
4.4.10 (b) and 4.4.11 (b) and hence the output efficiency deteriorates with 
increasing temperature.
Further analysis and calculation have been made in order to achieve approximate 
quantification of the contribution of each recombination processes to the total 
current. This method is based on the Z analysis which has been used above to 
specify the radiative and non-radiative current. Figure 4.4.9 shows the plot o f lines 
with slopes equal 1,2 and 3 which were drawn for each measured temperature.
It was considered that the current below the line with the slope equals 1 is a non- 
radiative defect recombination and between the lines with slopes of 1 and 2 is 
considered radiative recombination. In the range between the slopes that equal 2 and 
3 the recombination is considered to be Auger recombination. Subsequently, 
plotting these lines with their slopes on the Z curves which result in calculations for 
each type - to see the amount of recombination current that is proportional to the 
total current - were made by subtracting the line that has a lower slope from another 
one which has a higher slope and then plotted the result in a curve showing 
approximately the current density of each process as shown in figure 4.4.10. For 
example, the radiative line which is marked in green colour is calculated by 
subtracting the values of the line with a slope of 1 (red) from the values of line with 
the slope that equals 2 (blue).
Figure 4.4.12 shows the percentage of each recombination to the total current 
density. It can be deduced form figure 4.4.12 that the non-radiative defect 
recombination Idef has the largest contribution at low temperature and low current 
compared to the other recombination processes; it is ~ 80% from the total current at
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55 A/cm^ at lOOK whereas the contribution of Lad is just ~ 20 % of the total current. 
Therefore it was estimated that Idef is ~ 45 AJcvci while I rad is ~ H A/cm^. The 
defect recombination is dominant at very low current and temperature and it 
increases with increasing injected current at a particular temperature as shown in 
4.4.11. However the rate o f this increase at low temperature is higher than that at 
high temperature as shown in figure 4.4.11. This perhaps because the rate of 
recombination at defects is approximately constant compared to either the rate of 
radiative or Auger recombinations. Therefore, by comparing the percentage of 
recombination at defects with the total current at low and high temperature, the rate 
of increasing recombination at defects at high temperature is consequently smaller. 
It can also be attributed to the fact that the carriers at low temperature are likely to 
be trapped at defects more than at higher temperature as the mobility and 
distribution increase by increasing temperature.
Radiative recombination becomes dominant at a current density of -  140 A/cm^ and 
onwards when the device 1 is operated at temperature of 100 K. However Auger 
recombination becomes significant at room temperature and above particularly form 
current density o f -  250 A/cm^ and above. Further increase in temperature leads to 
decrease in the contribution of radiative recombination to the total current as seen in 
figure 4.4.12 (b). Hence the output intensity will deteriorate as a result o f the huge 
contribution o f Auger recombination or carrier leakage or both.
Furthermore, the percentage of radiative current increases sub-linearly then remains 
approximately flat as contributing -52% of the total current at the start of Auger 
recombination. The contribution of Auger recombination, therefore, increases 
nearly linearly due to the increase of the carrier concentration. On the other hand, at 
room temperature the situation is slightly different. Here, the percentage of radiative 
current increases with the decrease of the percentage of the defect current at low 
current assuming an absence of Auger recombination due to the small carrier 
concentration. However, the percentage of radiative starts to decrease after Auger 
recombination starts as the carrier concentration increases and thus the distribution 
o f carriers also increases with increasing temperature. Hence the Auger current 
becomes the dominant current above 210 A/cm^. This loss at higher temperature
1 13
may also be related to carrier leakage as the carriers at high temperature may have 
enough energy to escape from the heterojunction particularly when the barriers may 
not be high enough to confine the carriers as the loss
In summary, characteristic temperature and the Z analysis are valuable tools to 
analyse non-radiative recombination processes. However, the recombination 
processes impact on performance efficiency cannot be exactly determined by 
depending on these analyses only as it is still not clear whether the loss at high 
current, high temperature is due to Auger recombination, leakage or both. 
Therefore, more analysis o f measurements using a hydrostatic pressure technique 
were carried out.
4.4.4 Analysis of hydrostatic pressure measurements
As the results obtained from the temperature dependence measurements and their 
analysis showed the significant loss o f the device efficiency is either related to 
Auger recombination process or due to carrier scattering from the active region, 
further investigation by hydrostatic pressure measurements were conducted. The 
advantage of application of high hydrostatic pressure is the fact that it can be a 
useful tool to manipulate the bandgap to have a good understanding o f the 
recombination processes during the operation of the LEDs at room temperature and 
also at low temperature. Hence, identification of a recombination process such as 
Auger recombination can be achieved.
Two of the primary Auger recombination mechanisms in the narrow bandgap 
semiconductor materials are CHSH and CHCC Auger recombination. These are 
known to be strongly temperature dependent with a cubic dependence on the carrier 
concentration. Spin-orbit splitting (Aso) becomes increasingly important at near 
resonance when Eg ~ Aso. Therefore, increasing the Aso to be larger than the 
bandgap (Eg) is a key to suppress CHSH non-radiative Auger recombination.
Measurements of the LED wavelength at various values of applied hydrostatic 
pressure were conducted in order to determine the change of the bandgap energy. 
Figure 4.4.13 shows the wavelength of the LED at several values o f applied
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pressure showing that the wavelength decreases with increasing pressure. This 
correspondingly means that the bandgap energy increases with the increase of 
applied hydrostatic pressure. The application of pressure causes an increase in the 
bandgap while maintaining Aso relatively insensitive to pressure as the spin-orbit 
splitting is largely controlled by the group V composition[92, 100].
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Fig.4.4.13 An illustration of the decreasing wavelength of device 1 with applied hydrostatic 
pressure.
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Fig.4.4.14 EL spectra at 100 K and room temperature for device 1 showing the wavelength and 
bandgap energy at each temperature at 140A/cm^ with a duty cycle of 1% and a frequency of 20 
kHz. The inset plot shows the relative intensity of the EL spectra before the normalisation.
This advantage of applying hydrostatic pressure can be used to investigate the 
effect of the Auger recombination process at a particular temperature. The 
spontaneous emission rate increases monotonically with applied pressure [92, 185], 
whereas the increase of the applied pressure causes a decrease in the CHCC Auger 
coefficient, and hence, the EL output increases. However, if the spin-orbit split-off 
(Aso) is initially larger than Eg, as here, pressure can bring Aso into resonance with 
Eg and therefore the CHSH process becomes significant resulting in deterioration 
in the EL output.
Figure 4.4.14 shows normalised EL spectra at 100 K and at room temperature and 
with the relative intensity in the inset plot. The spectra show two peaks with a
wavelength of ~ 3.34 |am at low temperature T=100 K and À -  3.7 p,m at room
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temperature with also a small emission at ~ 3.3 pm at RT. This emission with 
shorter wavelength may be attributed to a band to acceptor transition in the 
pentanary alloy resulting from electrons recombination with localised holes at the 
InAs-GalnAsSbP interface because of the bending of the band [151].
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Fig.4.4.15 Plot of experimental results of the pressure coefficient at 100 K up to 4.70 kbar and 
extrapolation to higher pressure values up to 13 kbar and also simulation of pressure coefficient at 
room temperature with illustration of the spin-orbit splitting resonance with the bandgap.
The wavelength at low temperature is similar to that one plotted in figure 4.4.13 
with injected CW current. An approximately linear relation between increasing the 
bandgap energy with the increase of the applied pressure extracted from figure 
4.4.13 is shown in figure 4.4.15. This relation was found to be corresponding to a 
dE/dP value of 10.7+0.3 meV/kbar at 100 K, which is slightly larger than that of 
InAs at 10.0 meV/kbar, [173, 186], and slightly smaller than that for x=0.5 of 
InASxSbi.x at 12.27 meV/kbar [187]. However, the pressure coefficient at room 
temperature for the quaternary GaAsSbP and InAsSbP was calculated by using
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interpolation scheme for quaternary alloy reported by Krijn [188] and found to be 
10.6 mev/kbar. This value is expected to be insensitive to temperature as observed 
for other III-V alloys [189, 190]. Therefore, the same coefficient of pressure was 
used to plot the relation between pressure and band gap at room temperature.
Systematic photoreflectance measurements on GalnAsSbP [77, 164] have revealed 
that Aso = 0.45 ±0.010 eV for the pentanary alloy used in the LEDs and that this 
value is approximately independent of temperature. The curve at 100 K is an 
extrapolation to find the cross over the energy of spin-orbit splitting and found to 
be approximately at 8.2 and 12.5 kbar at 100 K and RT respectively.
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Fig.4.4.16 Normalised output intensity as a function of applied pressure for two similar devices at 
100 K and room temperature showing the effect of CHSH Auger recombination causing a 
decrease on the output efficiency as the bandgap approaches the spin-orbit splitting.
Figure 4.4.15 shows the normalised intensity as a function of pressure at 290 K (in 
red colour) and 100 K (in blue colour) of measured output intensity at fixed current
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density (140 A/cm^) for two devices with the same structure and nominally the 
same composition. The increase of the output intensity at 100 K with increasing 
pressure until 3 kbar and up to 6.5 kbar at RT is due to decrease of CHCC Auger 
recombination as the bandgap increases.
The measured EL emission (proportional to the radiative current flowing through 
the device) increased by a factor of 1.25 from atmospheric pressure to 6 kbar at 
290 K.
The initial increase in the radiative output with applied pressure was smaller than 
that o f reported type II InAs LEDs emitting at 3.3 pm [173] which exhibited a 4x 
increase from 0-10 kbar, indicating that Auger recombination is less o f a problem in 
the pentanary GalnAsSbP LEDs at 290 K. This may be also related to 
recombination at defects or may be related to the start of CHSH Auger 
recombination that is increased by increasing pressure as Aso approaches resonance 
with Eg as shown in figure 4.4.15. Moreover, the increase in the output intensity 
with increasing pressure is observed with a decrease in gradient at higher pressure 
tending towards a maximum at ~ 7.4 kbar at RT whilst a stronger increase in 
intensity is observed, which reaches a maximum at ~ 3.6 kbar at 100 K. However, 
the two devices produced slightly different intensities at both 100 K and 300 K. The 
highest intensity at low temperature (100 K) was observed from the device 1 while 
it was the opposite at 300 K. This is possibly related to the effect o f Auger process 
as a function of carrier density and pressure; at low temperature. Auger 
recombination is already reduced and the carrier density is higher in the smallest 
device diameter (device 1) than of that for the device 2. Hence, the radiative 
intensity will be higher for the device 1 as the most carriers will be exploited in the 
active region. On the other hand, as the Auger processes are dominant at 300 K but 
also proportional to the carrier density, then these processes for the device 2 are 
perhaps less than that of the device 1. Therefore, the reduction of Auger 
recombination with increasing pressure may be more efficient for the device 2 and 
hence its intensity observed was higher.
Moreover, the leakage current is thought to be pressure insensitive. Inter-valley
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scattering is negligible due to the large F-L and F-X splitting values. Direct hetero­
junction leakage is believed to be negligible because the pressure coefficients 
(dE/dP) of the bandgaps of the active region and barriers are approximately the 
same (dE/dP~10 meV/kbar for InAs [173, 186], and for x=0.5 of InAs^Sbi.x is ~ 
12.27 meV/kbar [187, 191]. Defect recombination is also almost independent of 
pressure due to the capture cross section for recombination through impurities being 
pressure insensitive [173].
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Fig.4.4.17 Plot of a calculation of activation energy for CHCC Auger recombination (red line) and 
CHSH auger recombination (blue line) at 100 K versus with applied hydrostatic pressure.
The majority of the increase in EL originates from a reduction in Auger 
recombination with increasing pressure, due to the increase in the activation energy 
of the CHCC Auger process as the bandgap increases. However, as the bandgap 
increasing with pressure, it also approaching the resonance with the spin-orbit 
splitting, therefore the activation energy of CHSH Auger recombination decreases 
with the increase of the applied hydrostatic pressure
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Fig.4.4.18 Plot of a calculation of CHCC and CHSH Auger Coefficient as a function of pressure at 
100 K.
Variation of the activation energy with increasing pressure for CHCC and CHSH 
Auger recombinations is shown in figure 4.4,17. This plot as a result of simple 
calculation of the activation energy for both CHCC and CHSH Auger recombination 
by using equations 2.11.8 and 2.11.9 in chapter 2 as below:
EaiCHCC) = m, ’.+^hh ^ 4.4.10
and
E a (C H S H )  =
me
{Eg -  A 5 0 ) 4.4.112mhh+me-mso ^
In this calculation we assume the spin-orbit splitting Aso=455 meV as was reported 
for (Ga0.04In0.96As0.83Sb0.13P0.04) by Cripps etal[25,  164], Eg=366 meV at 100 K.
Hydrostatic pressure also increases both rriso and nie [100] therefore, the effective 
masses were assumed to be ^^=0.0181 mo, ^^^0.418 mo, m//^=0.0245 mo, and 
m^o=0.164 mo for InAso.soSbo.u [25, 192]. The /»g and mso increase slightly with
1 2 1
pressure [100, 173], however they were assumed to be pressure independent as the 
changes are very small and not certainly determined. The pressure coefficient of 
10.7meV/kbar obtained experimentally was used in this calculation.
Figure 4.4.18 shows the trend of the Auger recombination rate for CHCC and 
CHSH process which calculated depending on the above activation energies and an 
estimation at 100 K of the Auger coefficients (Q  of 6.35x10’^  ^cm /^s and 1.75x10'^  ^
cm%  for CHCC, CHSH processes respectively using an approximation value of C 
found in ref. [193], and with estimated carrier concentration (n) o f approximately 
10^  ^cm'  ^ [25].
Figure 4.4.19 shows a plot o f a simulation of the radiative efficiency calculated at 
low temperature T=100 K depending on the parameters mentioned above using the 
expression below:
 ^ =  (4.4.12)
where B was calculated according to the relation 2.11.4 and C as a total o f [25]:
C «  [ : : & = ]  4.4.13
where the Auger coefficients that were mentioned above and the activation 
energies for each one were calculated using the equations 2 .11 .8 , 2 .11 .10  and
2.11.9 respectively. C for CHLH Auger is assumed to be negligible. Therefore, 
only C for CHCC and CHSH are considered. The SRH coefficient (A) is estimated 
also to be ~ 10^  sec"^  as was estimated as low as 4xl0^sec"^ at RT for 
InAs/InAsSbP LEDs grown by LPE [25]. Therefore, plotting a simulation 
according to these assumptions comes with an agreement with the experimental 
results at 100 K. However, at room temperature the CHCC and CHSH Auger 
coefficients are made different in order to approach reasonable agreement with the 
experimental results. Therefore, the considered Auger coefficients are C^ ^^  ^= 10^  ^
cm^/sec and C ™ ^ 1.375x10'^^ cmVsec due to the large uncertainty of both CHCC 
and CHSH Auger coefficients.
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Fig.4.4.19 Plot of simulated calculation of the efficiency of radiative recombination at 100 K and 
300 K.
As can be seen from the experimental results (Figure4.4.16) and simulated 
calculations (figure 4.4.17), the two processes together (CHCC decreasing and 
CHSH increasing with increasing pressure) give rise to the observed maximum of 
intensity at a particular pressure value. At 100 K, the bandgap is initially ~ 45 meV 
larger than at RT, and hence. Eg approaches Aso at a lower pressure since, Aso is 
relatively temperature insensitive [189]. The difference in pressure at the maxima 
(7.4-3.6 kbar) corresponds to a difference in bandgap change of ~ 41 meV (using 
dE/dP =10.7 meV/kbar). Previously reported temperature dependence measurements 
[151] provide a value of dEg/dT at temperatures above 100 K of 0.24 meV/K. 
Hence, the bandgap increases by 45 meV with cooling down from 290 K to 100 K. 
This value is approximately equal to the observed difference in the bandgap energies 
at the intensity maxima as shown in Figure 4.4.15. The calculated efficiency of 
radiative recombination shows peaks at 100 and 300 K approximately similar to
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than ones experimentally observed. However, calculation gives further advantages 
that the extrapolation of the curves of temperatures of 100 and 300 K shows that the 
resonances between the bandgap and the spin-orbit splitting are approximately at ~
8.2 and 12.3 kbar for 100 and 300 K respectively.
Furthermore, according to the calculation plotted in figure 4.4.19, and the measured 
efficiency of the output intensity in figure 4.4.16, the CHCC Auger recombination 
process plays an important role at ambient conditions. However, the rate of the 
CHCC process decreases with increasing pressure which agrees with the observation 
until the value 3.6 kbar of applied pressure at 100 K. Close to 4 kbar, the CHSH 
starts affecting the output efficiency. Here, the CHSH becomes significantly 
important as the bandgap Eg approaches the spin-orbit splitting. After 3.6 kbar the 
intensity is deteriorated due to the increase CHSH as the bandgap tends towards 
resonance with the spin-orbit splitting. At approximately 8.2 kbar (which was 
unfortunately not observed due to the instrument limitation), the bandgap (Eg) is 
equal the spin-orbit splitting causing a minimum in the output efficiency as seen in 
the calculated plot in figure 4.4.19. Similarly, the same scenario happens at room 
temperature but at resonant point ~ 12.3 kbar the output efficiency is likely to be 
relatively higher than that o f the resonant point at low temperature due to the initial 
influence of CHCC Auger recombination that makes deterioration of the intensity at 
resonance comparable to the initial intensity.
From the low temperature, intensity dependence on pressure, Aso is expected to be 
greater than 0.44 eV, compared to a bandgap of 0.366 eV, thus confirming the 
CHSH resonance detuning in the pentanary alloy. This value is in good agreement 
with the value of 0.455 ±0.010 eV obtained using spectroscopic techniques [164]. 
Since the bandgap is ~ 0.319 eV at RT, CHSH Auger recombination is expected to 
be negligible under ambient conditions in these LEDs due to the large differences 
between Eg and Aso. This provides the first direct evidence that the CHSH Auger 
process is suppressed at atmospheric pressure. A similar phenomenon was 
previously observed in GalnAsSb lasers operating at 2.37 pm using high pressure 
techniques [194]. It can be also proven theoretically by using equation 4.4.11 and
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under the condition o f Eg = Aso that the CHSH Auger recombination process 
becomes resonant, and hence, Ea ^  0. Practically, if  Aso > Eg, the CHSH process 
will be suppressed [195]. this is found to be similar to a suppression of CHSH Auger 
recombination of GalnAsSb lasers emitting at 2.37 pm [194].
4.5 Conclusion
In summary, two similar LED devices emitting at a wavelength o f -3 .7  pm at room 
temperature were used to investigate the reasons causing the limitations in their 
output efficiency at different conditions. In order to do this, experimental 
measurements at different temperatures and hydrostatic pressures plus several 
estimated calculations were conducted.
A historical background review of the MIR LEDs was discussed and then followed 
by reviewing the pentanary alloy used in these device used in this study. Possible 
hypotheses and practically reported designs to reduce the effect of Auger 
recombination on the MIR LEDs were addressed. The influences of temperature 
and hydrostatic pressure were discussed. This was followed by illustration and 
discussion of the structure of these devices.
The analysed results of experimental measurements were discussed as below: 
Several temperature dependence measurements were conducted. Analysing the 
temperature dependence results indicated a presence of non-radiative recombination 
processes which was expected to be related to Auger non-radiative recombination as 
it is common non-radiative process in narrow bandgap semiconductor materials 
such as these devices used in this study.
Further investigation was carried out by using hydrostatic pressure as it is valuable 
tool to manipulate the bandgap and hence identify the process that contributes to the 
loss o f radiative recombination and hence the deterioration in the output efficiency. 
Measurements showed that the intensity is improving by increasing the applied 
pressure with higher efficiency at both low and high temperature. However, this 
improvement in the output intensity was observed in a particular range of pressure. 
A further increase of pressure led to deterioration of the output intensity. This
125
observation combined with temperature dependence results together with knowing 
the bandgap expansion rate with pressure and the spin-orbit splitting and confirming 
by a simulation led to the conclusion that there are two types of Auger 
recombination (CHCC and CHSH) that can limit the output intensity. However, the 
CHSH Auger recombination process is suppressed due to the large energy of Aso 
compared with Eg at ambient conditions. The effect o f CHCC can be decreased by 
increasing the applied pressure. However, the CHSH Auger process starts affecting 
the output efficiency and becomes significant when the bandgap energy approaches 
Aso. At the resonance between bandgap and spin-orbit splitting, the intensity is 
predicted to reach a minimum.
The pressure results and simulation have proved that the CHSH Auger 
recombination process is suppressed at ambient conditions for these devices 
designed with a large spin-orbit splitting.
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Chapter five: Quantum Cascade lasers
5.1 Introduction
Mid-infrared lasers emitting in the 3-4pm region are of increasing interest due to 
the high demand for their use in applications such as gas sensing for monitoring 
environmental atmospheric pollution, medical diagnosis and free space optical 
communications [196, 197]. The performance of long wavelength interband lasers 
is usually degraded by non-radiative Auger recombination and optical losses. In 
unipolar devices such as quantum cascade lasers (QCLs), only one type of carrier 
(electrons) is used to generate stimulated emission using electron transitions 
between different levels in the conduction band. Therefore all holes and valence 
band related loss mechanisms affecting the performance of interband lasers are 
eliminated in QCLs. This has successfully avoided the non-radiative Auger 
recombination problem plaguing interband lasers in the mid infrared region [41]. 
However, although the QCLs have been improved substantially since the 
demonstration of the first device in 1994, they are still suffering from several 
problems such as relatively high threshold, temperature limitation of operation and 
also limitation on continuous wave (CW) operation. Thus we aim in this chapter to 
illustrate and discuss the results of measurements investigating the limitations of 
QCLs to explain their high threshold current temperature sensitivity. This 
investigation will give us greater understanding of present devices and suggest 
solutions for device optimisation.
In this chapter, a literature review of QCLs emitting in the mid infrared region is 
illustrated and discussed. InGaAsZAlAs(Sb) QCLs grown on InP substrates emitting 
at ~ 3.6 pm are experimentally investigated using temperature and pressure 
dependency techniques.
The results of temperature dependence measurements are presented. This is 
followed by a discussion of the causes of the increase of the threshold current 
density of the lasers with temperature. These measurements are supported by the
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results of the pressure dependence to increase our understanding of the device 
behaviour.
The main factor that causes the increase of threshold current slightly with 
temperature and pressure is identified according to the experimental results and 
calculations. It is shown that carrier scattering into the L minima is the main 
limitation found in these devices.
5.2 Quantum Cascade Lasers (QCLs) background literature review
5.2.1 Historical and background progress in laser developments
The first laser diode was developed in 1962 and consisted of a simple p-n 
homojunction. The main problems in these first lasers can be classified into two 
issues; the threshold current density being high at around 10"^  A/cm^ under 
cryogenic temperature [198], and difficulty in operating at room temperature in CW 
mode.
CB
VB
> k
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.Ex
Fig.5.2.1 Schematic showing the difference between (top) the interband transition lasers (e.g. QW 
lasers) and (bottom) the intersubband transition lasers (e.g. QCLs).
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Fig.5.2.2 Schematic diagram of the conduction band of QCLs showing the electrons tunnelling via 
the injector region (violet arrows) to upper laser level (E%) active region for laser transitions (red 
arrows) and finally tunnelling (green arrows) via extractor region from the lower laser level (E%).
The double heterojunction reported by Kroemer in 1963 [198, 199] increased the 
laser efficiency owing to improved carrier and optical confinements. Problems such 
as optical absorption that arose from the double heterojunction design and 
connected with lattice mismatch were identified [199]. However, Alferov and his 
group were able to demonstrate low threshold double heterostructure pulsed lasers 
at RT in early 1968 [198, 200]. Two years later, they demonstrated a CW AlGaAs- 
GaAs laser at RT with a relatively low threshold current density of -1000 A/cm^ 
[198, 201]. Successful achievements of CW operation at RT led to excitement and 
substantial research during the 1970s and 1980s resulting in quantum well designs 
[198, 202].
5.2.2 Historical review of quantum cascade laser
The realisation of strained materials [203-205] led to the discovery that lattice 
matching a layer is not necessary when its thickness is less than the critical 
thickness [204]. This realisation of introducing strain into the structure in the 
quantum well provided several advantages such as higher gain and lower threshold 
current density [204]. In the mid infrared, the problems such as Auger 
recombination and the need to target longer wavelengths led to the suggestion of the
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quantum cascade lasers [158, 206, 207]. This idea of exploiting intersubband 
transitions is related to the fact that the quantum well structures have quantised 
subbands in the conduction band, therefore it can be beneficial if  the radiation is 
emitted between these subbands instead of being emitted between the conduction 
and valence band as shown in figure 5.2.1 [208]. However, to achieve population 
inversion in such a structure, electrons need to be injected to the upper level in the 
conduction subband. Thus the QC structure fulfilled this requirement by employing 
an injector region and also an extractor region to recycle the electron again for 
another period of transition as shown in figure 5.2.2.
5.2.2.IThe discovery of the QCLs basic principle and the first demonstration
The basic idea of the QCLs was suggested in 1971 by Kazarinov and Suris [209]. 
Since the time when the idea of amplification light between intersubband was 
proposed, many researchers had tried to achieve a design for this proposal. The first 
demonstration of the QCLs was by Faist in the group of Capasso in 1994 [42]. This 
QCL contained a three-quantum well (3QW) active region. The population 
inversion of this device occurred after reaching optical phonon resonance between 
the lowest two states and the diagonal transition between laser levels [42, 88 ]. This 
QCL structure was grown by MBE and consisted of a Alo.48lno.52As-Gao.47lno.53As 
heterojunction lattice matched to InP [42]. The active regions of the first QCLs 
were comprised of 25 periods of un-doped coupled wells. The injector/relaxation 
region was n-type of AllnAs-GalnAs superlattice doped with silicon [42, 83]. The 
wavelength of this first quantum cascade laser was -4.26 pm. The researchers 
reported that they were also able to operate several devices at a temperature of -90  
K with a threshold current density of-14kA/cm^ [42] lasing between 4-11pm [83].
Substantial effort has been made by several groups to improve this new 
breakthrough. They were able to produce QCLs emitting in CW mode at low 
temperature in 1995 and in pulse mode at room temperature in 1996 [41].
In 1997 the superlattice active region was invented in order to produce higher power 
and longer wavelengths [210]. However, to achieve high power in the far infi'ared, a
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huge current must be provided to sustain the laser gain to overcome the loss 
processes such as carrier scattering to the lowest satellite inter-valley minima [210], 
as discussed in detail in this thesis.
Quantum cascade lasers are usually composed of 111-V materials such as 
InGaAs/AllnAs grown on InP or GaAs/AlGaAs grown on GaAs as demonstrated in 
1998 and 1999 [41]. The first advent o f far-inffared design (-20pm) was reported in 
2001 by Colombelli. et. a l  [211]. Because of the difficulties in producing gain at 
THz frequencies (as it requires a faster electron scattering than LO phonon due to 
the bandgap being very small) the advent o f the first demonstration of 
GaAs/AlGaA terahertz QCLs emitting in 4.4 THz at 50 K by Kohler and his 
colleagues was demonstrated later in 2001 [212, 213]. Thus, the quantum cascade 
lasers became more interesting in the MIR and THz regions (2-100pm) due to their 
important applications. Moreover, tuning the wavelength of QCLs was realised 
early by Faist et a l ,  demonstrating a dual-wavelength QCL at wavelengths of 6.2 
pm and 7 pm [214]. In this structure, as it is uniquely possible in QCLs to have dual 
wavelengths due to the nature of the gain and absorption spectrum, electrons are 
exploited to make two transitions between two different subbands for each 
wavelength . This new design has been followed by several researchers mainly in 
the THz domain in order to improve the efficiency and extended the wavelength of 
such QCLs. The most tuneable QCLs utilise a sampled grating distributed feedback 
(SGDFB) design allowing tuning by 114 nm whilst emitting CW at -4.8 pm at RT 
and with a power of -100 mW [215, 216]. Design and growth details can be found 
in ref. [216].
Quantum cascade lasers developed quickly since the demonstration of the first one 
and therefore, variety of devices were demonstrated.
5.2.2.2 Interband cascade lasers (ICLs)
Interband cascade lasers are another type of lasers that were developed by Yang in 
1995. The reason for the advent of such devices was the fact that the QCLs have 
high threshold current density and voltages. The basic concept of ICLs is that the
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transition occurs between the conduction band and valence band but the difference 
is that the electrons in the conduction band are recycled to cascade to another period 
of transition [11, 217]. The earliest device proposed by Meyer et a l,  was 
GalnAs/InAs active region and InAs/AlSb superlattice injection region which was 
emitting wavelengths in the 4.3-4.5 pm range and operating up to 125 K [217]. 
This structure could help in suppressing the Auger process between the CB and VB 
as a result of the hole mass become lighter and also the resonances between the 
bandgap and the inter-valence bands being removed [217, 218]. This was followed 
by the first demonstration of type 11 ICLs emitting at 1-3.8 pm at temperature up 
to 170K in 1997 by Chih-Hsiang Lin et a l  [219, 220]. There have been substantial 
improvements of ICLs up to now as reported recently a demonstration of tuneable 
ICLs near 4.5 pm [221].
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Fig.5.2.3 Schematic plot of quantum wells of different wavelengths as (a) shows the increased 
possibility of carrier scattering from the upper laser level into F minima when the width of 
quantum well decreases to make shorter wavelengths and (b) the increased possibility of intervalley 
scattering to X or L minim as the well width decreases.
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S.2.2.3 New structures and introduction of strain to increase efficiency
The first structures of quantum cascade lasers depended on three-quantum well 
active region mentioned above was followed by several achievements of short 
wavelength (3-5 pm) such as InGaAs/InAlAs lasing at 3.4 pm with a threshold 
current of 2.2 kA/cm^ at low temperature under pulsed operation [222]. However, 
the limitation in achieving short wavelength operating is mainly due to the value of 
the conduction band discontinuity AEc (F-F) which should to be high enough to 
provide sufficiently high transition energy. In order to make shorter wavelength 
QCLs, the quantum wells in the active region must be narrowed. Therefore the 
upper laser level goes up and hence the separation energy between the upper laser 
level and the edge of the barriers decreases which in turn increases the possibility of 
having carrier leakage as the carriers may have enough energy to thermally escape 
of the potential confinement. Thus an increase in the threshold current occurs or the 
laser may completely fail to operate at a specific temperature (at which no 
population inversion occurs) and above as shown in figure 5.2.3(a). Figure 5.2.3(b) 
shows also another limitation caused by the fact that the small separation between 
the F minimum and the X and L (F-X/L) minima makes electrons have the 
possibility of intervalley scattering to one of these satellite valleys [222] as the 
potential confinement decreases with increasing the upper laser level in order to 
make shorter wavelength operation.
Tahraoui et al. reported AlInAs/GalnAs quantum cascade lasers operating up to 425 
K and emitting at -  11 pm with a threshold current density of 7.08 kA/cm^ at 425 
K [223]. However, the possibility of designing a number of active regions thanks to 
the flexibility of QCL design, led to the advent of other more efficient QCLs. For 
instance, Faist and his colleges demonstrated a new design of QCLs called bound- 
to-continuum based on two-phonon resonance. In this structure the upper laser state 
is very close to the injector region and the lower laser level is comprised of a 
miniband instead of states in the double or three quantum well designs. This 
provides more efficient injection and extraction over single or double phonon 
resonance designs giving more efficiently population inversion and low threshold
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current. They were able to operate this QCL (InGaAs/InAlAs lattice matched to InP 
grown by MBE then MOVPE) emitting at 1 -9  \xm with a threshold current density 
of 3.6 kA/cm^ at 300 K whilst the threshold current density of the previous active 
region of QCLs was between 4.7 and 7 kA/cm^ for similar wavelengths [88]. They 
also reported a shorter wavelength (strain-compensated) emitting at ~ 5)im with the 
threshold current of 5.6 at 333 K and the ability to operate up to 393 K [88]. In 2004 
Revin and his group reported InGaAs/AlAsSb lattice matched to InP heterostructure 
QCLs emitting at a maximum temperature of 260 K with a wavelength of 4.3 |im 
and a threshold current density o f -6kA/cm^ [224], and 1-3.1 \xm at 240 K with 
threshold current density beyond 2kA/cm^ [225]. This threshold current density was 
slightly higher than the previous one reported by Faist. However, the biggest 
advantage of this design is that the band offset AEc is -1.6 eV [226] providing high 
electrical confinement thanks to the introduction of Sb. An InAs/AlSb quantum 
cascade lasers operating at 10 pm with a threshold current density o f 4.9 kA/cm^ at 
4 K is also reported in 2003 by Ohtani and Ohno [227]. Nevertheless, a low 
threshold current density (1.4 kA/cm^ at 300 K) GalnAs/InP with periods of 75 
cascade stages emitting at -9  pm was reported in 2002 by Slivken et al [228]. The 
same group reported also an improvement of shorter wavelength QCL devices 
emitting in pulsed mode at -6.1pm  at RT with a threshold current density of 2.4 
kA/cm^ and average powers o f -225 mW and 8 mW when injected by 17% and 45 
duty cycle pulsed current respectively [229]. These QCLs were grown by MBE and 
comprised of 4 QW active regions of InP-based strain compensated GalnAs/AlInAs 
repeated with the injector in 30 periods. The introduction of strain-compensation 
yielded a shorter wavelength with high output power for operation close to quasi 
CW mode compared to lattice matched devices reported in ref [88] as mentioned 
above. They followed this work up by making improvement of the devices in order 
to reduce the threshold current and increase the output power. These improvements 
were made to the structure by increasing the band offset (AEc) and by decreasing 
the dopant in the injector region. As a result, the devices were emitting at 1-5.9 pm 
at RT with a 56 % duty cycle and a threshold current density of 1.7 kA/cm^ with an
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average output power of 560mW [230]. The same group in the same year reported 
the first CW operation of the same QCL devices previously mentioned working at 
this short wavelength [231]. These CW QCLs were improved by narrowing the 
ridge width and were able to emit a 1~ 6 pm at RT with a power of 132mW and a 
threshold current density o f 2.29kA/cm^. They additionally reported further 
improvement of QCLs by growing a longer laser cavity compared to the CW QCLs 
previously mentioned resulting in operation up to 313 K with a power of 213mW 
and a threshold of 2.26 kA/cm^[232]. The same group reported in 2004 a CW 
GalnAs/AlInAs buried heterostructure QCL emitting at 1 ~ 6 pm at RT with a 
power of 372 mW and a threshold current density o f 2.35 kA/cm^ [233]. A strain- 
compensated GalnAs/AlInAs heterostructure four-quantum well active region QCL 
emitting at a wavelength of 4.8 pm at RT was also reported by the same group in 
same year [234]. It is clear that there was a large effort by researchers particularly 
those were working in developing InGaAs/AlInAs to achieve shorter wavelengths 
with low threshold current and high output power by changing the device well 
widths and hence the strain-compensated ratio. This led to improvements in device 
performance due to better confinement of carriers giving improved population 
inversion. They also found that longer cavity and narrower ridge devices were more 
efficient due to heat dissipation by the implementation of proper heat conductivity. 
Narrow ridge width was found to be an important factor in decreasing the threshold 
current as it needs low injected current compared to the wider width.
5.2.2.4 Short wavelengths of the mid-IR region with low threshold currents
Semtsiv et a l ,  reported InGaAs-AlAs QCLs operating up to 330 K and emitting at
3.8 pm with a threshold current density of 4.8 kA/cm^ at RT [235]. The advantage 
of this design is that it uses AlAs as barriers in the active region instead of AlInAs 
to achieve a better band offset and a shorter wavelength, and also to keep the upper 
laser level away fi*om the L minima which is -90  meV above the upper laser level, 
therefore supressing intervalley carrier leakage at RT.
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InAs/AlSb QCLs emitting at A,-4.5pm at room temperature were reported and 
suggested for high performance QCLs emitting in the short MIR wavelength as the 
band discontinuity AEc is above 2 eV [236] and this was a good candidate for 
shorter wavelengths. This was followed by another group using the same materials 
(InAs/AlSb). These QCLs emitted at room temperature with a wavelength as short 
as 2.55 pm, but with very low power (~ 4pmW) [237].
A bound-to-continuum design of 25 periods of stain-compensated InGaAs/InAIAs 
QCLs emitting at A.~5.4pm in continuous wave (CW) at room temperature with a 
threshold current density of 2.05 kA/cm^ was also reported [238]. Another group 
(Yu et a l)  showed 1-4.8 pm in CW mode at room temperature and lasing with a 
threshold current density of - I . l  kA/cm^ [239]. Evans et a l  were able to 
demonstrate a 1-5.25 pm CW QCLs at 363 K with a threshold current density of 
1.4 kA/cm^ at RT [240]. Yang and his group reported a 1 -4.5 pm GalnAs/ALAsSb 
QCLs operating up to 400 K with a pulsed threshold current density of 9.2 kA/cm^ 
with a duty cycle of 0.01-0.05 % [241]. At this point, the InGaAs/AlInAs QCLs 
seemed better than other QCLs as these devices showed CW operation at RT with 
low threshold current density. However, at shorter wavelengths they seemed less 
likely to be better than others as they have a smaller band offset (AEc -  0.7 eV) 
compared to InGaAs/AlAsSb (AEc -  1.6 eV) and InAs/AlSb (AEc -  2.1eV).
In 2006 there were substantial improvements in the short wavelength QCLs (2- 
5pm). For example Yu and co-workers were able to achieve the CW operation of 
strain-compensated InGaAs/AlInAs QCLs with -1 5 %  deeper wells (from 
narrowing the well widths) than of the one mentioned above in ref. [233]. These 
QCLs emitted at 1 -  4 pm with a threshold current density of 1.96 kA/cm^ at RT 
[242]. The same group also reported another strain-compensated device with the 
same active region structure but with an increased balancing of strain to less than 
-1%. This structure was able to operate up to 318 K emitting at 1-3.8 pm with 
Jth~1.51 kA/cm^ at RT and an output power of 143mW [243]. Yang et a l ,  reported 
GalnAs/AlAsSb emitting at short wavelength (1=3.7-3.9 pm) at a maximum 
temperature of 310 K and a threshold current density of 3.9 kA/cm^ at low
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temperature [244]. They found the threshold current density of these QCLs is larger 
than their previous work on the same materials lasing at 1-4.5 pm with a threshold 
current density of 2.2 kA/cm^ at 77 K. They attributed this increase in the threshold 
current density to carrier leakage due to carriers scattering to F-X [241, 244]. 
Semtsiv et a l ,  demonstrated strain-compensated InGaAs/InAlAs-AlAs InP-based 
QCLs emitting with a short wavelength of -3.3pm at 80 K with a slightly high 
threshold current of -  2.5kA/cm^ at 73 K, they also reported that there was no 
evidence of intervalley carrier leakage to the X or L minima [245]. However, as 
these QCLs worked only at low temperature and were not able to operate at higher 
temperatures, it is likely that these devices had a huge leakage into the X minima at 
RT that prevented them from operating in this range of temperature. Another 
achievement of short wavelength (1=3.1-3.3 pm) of bound-to-continuum InAs/AlSb 
InAs-based QCL devices operating at temperatures of up to 240 K with a threshold 
current density o f 3 kA/cm^ at 83 K was reported by Devenson et a l  [246]. 
Although these different structures operated at shorter wavelengths (1-3.1 pm) at 
low temperature, they did not work at high temperatures due to the loss of 
population inversion owing to intervalley carrier scattering via the valleys minima. 
Therefore, research continued to have short wavelength QCLs working at RT or 
above.
5.2.2.5 Increasing the output power and the wall plug efficiency
In 2007 Semtsiv and his group were able to achieve 1-3.05 pm of the same 
structure mentioned above in ref. [245] at 80 K. However, reducing the level of 
doping in the active region led to decrease in the threshold current which was -  2.7 
kA/cm^ at 80 K to be similar to the threshold current o f heavily doped longer 
wavelength (1-3.3 pm) devices [247]. Evans et a l ,  made a substantial improvement 
of strain-compensated InGaAs/AlInAs lattice-matched to InP in the wall plug 
efficiency (WE?) as they optimised the previous structure by reducing the quantum 
well width for both active and injector regions to achieve a power of more than 675 
mW and a WPE of -  9.3% at RT in CW operation with a wavelength o f 4.7pm
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[248]. Semtsiv et a l ,  demonstrated strain-compensated InGaAs/AlAs InP-based 
QCLs emitting at 1-3.62pm with Jth=800 A/cm^ at 77 K [249]. This structure had 
an increase in the confinement energy from narrowing selected quantum wells in 
the injector [235]. A high peak power (10.5 W) GalnAs/AlGaAsSb QCL was 
reported by Yang et a l  [250]. In this structure, they used a quaternary alloy instead 
of a ternary (ALAsSb) for the barrier material and hence the laser operated in 
pulsed-mode with a threshold current density of -  2.38 kA/cm^ and emitted at 3.6-
3.8 pm at 77 K. The maximum temperature was 340 K and the WEP was 21.8% at 
77 K. Revin and his group reported three improved QCLs during 2007; InP lattice- 
matched InGaAs/ALAsSb emitting between 3.05 to 3.6 pm at 80-300 K with a 
threshold current density of 2.6-12kA/cm^, strain-compensated InGaAs/AlAsSb/InP 
with a fraction of antimony of 53, 60 and 70 % (increasing antimony led to an 
increase in the F-X separation) operating up to 320 K with a wavelength of -  4-4.15 
pm and a threshold current of 3.6 to 11 kA/cm^ for 80 and 300 K respectively, and 
strain-compensated InGaAs/AlAsSb/InP with an indium fraction of 60 % (with 
only AlAs active region barriers emitting) at -  4.1 pm with improved threshold 
current density of 1.4 kA/cm^ at 80 K and 6.7 kA/cm^ at 300 K with an 
improvement in the average output power of -150mW for the device with ALAsSb 
barriers in the active region and -  500 mW for the structure with only AlAs active 
region barriers [251-253]. The best performance observed of these QCLs are those 
devices have only AlAs in the active region barriers with an indium fraction of 70 %. 
However, the QCL having an indium fraction of 70 % showed F-L energy 
separation of -  620 meV [251] which may result in carrier leakage to the L valley 
minima. Marcadet and his group tried to grow strain-compensated InAs/ALAsSb 
based on an InAs substrate by making the active region barrier AlAsSb instead of 
just AlSb [254] that was reported in ref. [246]. The structure was over strain- 
compensated and emitted at ^-3.5 pm at 300 K. However, the important 
achievement of this structure was the ability to operate at RT with a threshold 
current of -  8 kA/cm^ [254]. A group of researchers at Montpellier University 
reported InAs/InSb InAs-based QCLs emitting at 3.3 pm up to 400 K with a
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threshold current density of 3 kA.cm^ at 300 K [255], and X=1.91 pm at 285 K with 
Jth~2 kA/cm^ at 80 K [256]. The first one was improved by engineering the injector 
region close to the active region to align the lower injector level with the upper laser 
level to enable tunnelling of electrons. Such alignment is more difficult as the 
wavelength becomes shorter [255]. The second device was designed to emit at the 
achieved wavelength (À-2.97 pm) with peak optical power exceeding 1.5 W/facet 
at 80 K [256].
Researchers were able to achieve a good WPE and high power at a wavelength of -  
4 pm particularly by InGaAs/AlInAs QCLs. However, shorter wavelengths were 
still challenging due to the loss processes.
5.2.2.6 Classifying the progress of developing QCLs into three groups
In the last seven years, there were substantial improvements to QCLs in the 3-5 pm 
range and also much more concentration on the application of the QCLs and hence 
more research to investigate the limitations and performance in the MIR range. 
Therefore, the best QCLs performance achieved and investigations concerning their 
limitations are addressed below. Here we explore the key ways improving QCLs 
which can be classified into three groups according the materials used in QCL 
fabrication as below:
5.2.2.6.1 InGaAs/AIInAs group
The first group is the wider group of researchers who work on the very mature 
materials GalnAs/AlInAs based on InP; A 1.5 W continuous-wave mode 
InGaAs/AlInAs InP-based QCL emitting at 4.6 pm at 300 K and threshold current 
density o f 1.05 kA/cm^ was reported by Lyakh et a l ,  [257]. The same group 
reported also an improvement of this device (À-4.6pm) after implementation of a 
high-reflectivity-coated rear facet and using a new design called non-resonant 
extraction (NRE) (in which the two-phonon resonant condition is removed, see Ref. 
[84] for more details). This resulted an increase of the CW output power at 293 K to 
be 2.9-3.0 W at a threshold current density o f 0.83 kAJcvc? and a WPE of 12.7% 
[84, 258]. They also demonstrated a shorter QCL (^~4.0pm) operating at 293 K and
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with a WPE of -5% at [259]. They were also able to obtain À -  3.5 pm from a 
similar structure of shorter wavelength to the previous QCLs in pulse mode with a 
duty cycle of 30% at 266 K with a higher threshold current density( Jth ~ 5kA/cm^) 
and a lower output power (~ 50mW) [260]. The highest power they achieved from a 
strain-balanced tapered CW buried heterostructure (BH) InGaAs/AlInAs QCLs was 
4 Watt at 283 K with a WPE of 16.3% and with more than 10% of the WPE at CW 
with a power of 3 W [261].
Another research group working on InGaAs/AlInAs on InP-based QCL devices led 
by Razeghi reported several key interesting achievements. Yu et a l ,  demonstrated 
CW QCLs emitting at 4.6 pm at RT with an average power of ~ 590 mW , Jth~L6 
kA/cm^ and a WPE of 3.1% [262]. Bai et a l ,  reported QCLs devices that operated 
up to 373 K and grown by molecular beam epitaxy and processed using a semi- 
insulating in the fabrication process. This semi-insulating was achieved by using 
Fe-doped InP to provide high thermal conductivity and low infrared absorption 
surrounds the laser core [263]. These QCL devices emitted in CW mode at a 
wavelength of ~ 4.6 pm and with a maximum power of 2.5 W, and a WPE of 12.5% 
at room temperature. The same group using the same materials were able to achieve 
short wavelength of -3.76 pm operating on CW mode at RT in 2010 [264], 3.4pm 
and 3.2-3.0 pm in 2012 [265, 266]. This substantial achievement of short 
wavelength with low threshold current density (Ith ~ 1.66 kA/cm^ and Ith ~L97 
kA/cm^ pulsed operation and powers of -  20 mW and 3 mW CW at RT for two 
QCL devices emitting at X -  3.2 pm and 1 -  3.0 pm respectively) is due to the 
increase of strain in the active region barrier materials. For example, the aluminium 
composition of the (AlInAs) barrier in the active region was increased from 80% of 
previous demonstrated devices (A.=3.4pm) [265] to 85% and 89 % for emission at
3.2 and 3.0 pm respectively [266]. However, the latter was emitting with a power as 
low as 2.8 mW due to the effect of heating in the devices.
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Fig.5.2.4 Schematic diagram of QW shows the separation between the upper laser level and X 
valley (or L) as a function of the wavelength (7) (as X is related to the well width).
It is important also to mention that when the wavelength becomes shorter, the 
possibility of scattering to intervalley minima increases as a result of decreasing 
energy spacing between the upper laser level and the intervalley energy level. This 
can be related to the fact that when the quantum well thickness decreases to produce 
shorter wavelengths, then the movement of the upper laser level to increase the 
energy of transition, is faster than that for the indirect intervalley levels [95] as 
shown in figure 5.2.4. Therefore, the deterioration of the output power for the 
shortest wavelength device (A. -  3.0 pm) is likely to be related to carrier scattering 
to the satellite valleys.
S.2.2.6.2 InAs/AlSb group
The second group (Montpellier University) of researchers who use InAs/AlSb InAs- 
based have reported several achieved improvements o f QCLs; Devenson et al., 
reported the realisation a À-3.3pm device with a power of IW at RT under pulsed 
conditions, operating up to 400 K and at X -2.75pm at 80 K [267]. Although the 
intervalley scattering into the L minima was an issue, they did not notice any 
limitation related to this at least at 80 K. However, the device emitting at short 
wavelength was limited in operation to temperatures up to 140 K [268] due to
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backfilling of the lower laser transition level [267]. Since it was reported that the 
short wavelength InAs/AlSb suffered from carrier leakage to the L minima [78, 268, 
269], Cathabard et a l ,  reported an improvement by reducing the coupling between 
InAs quantum wells by increasing the active region barrier width of short 
wavelength InAs/AlSb devices emitting at ~ 2.6 pm with a maximum operation 
temperature of 175 K [95]. These devices showed a decrease in their threshold 
current density with pressure indicating a successful suppression of carrier leakage 
to L minima [270]. The InAs/AlSb group reported a tuneable (X ~ 3.2 pm) 
InAs/AlSb QCLs that can be tuned up to 85 run of their wavelength at room 
temperature by employing a diffraction grating to make an external cavity [271].
5.2.2.6.3 InGaAs/AIAs(Sb) group
Quantum cascade lasers consisting of InGaAs/ALAs(Sb) materials based on InP 
were improved recently to increase their performance efficiency. Thus, the 
University of Sheffield group reported several slightly different devices;
Ino.67Gao.33As/AlAso.8Sbo.2 QCLs operating at room temperature with X ~ 3.1 p m , Jth 
~ 19.2 kA/cm^ and a power of 8 mW [272]. This increase of threshold current 
density at RT implies an indication of strong carrier leakage to the L minima 
because it is the lowest satellite valley as shown in figure 5.2.9. 
Ino.7Gao.3As/ALAs(Sb) QCLs grown by implementation of a buried third order DFB 
grating and emitting at 3.36 pm at RT were reported [273]. The output peak power 
per-facet was about 400 mW at Jth=5.9kA/cm  ^ [273]. However, facet coating of a 
longer cavity was suggested to increase the performance of such devices [273]. As 
it was seen that the performance of the QCLs emitting at 3.1 pm was inferior 
compared to InAs/AlSb (ref. [255]). Another strain compensated 
InGaAs/AlAs(Sb)/InP (Sb free of active region barriers) QCLs were reported to be 
emitting at 3.3 pm operating at room temperature with a peak optical power of -  1 
W [274].
They also reported a significant improvement of longer wavelength QCLs which 
have been used in this study to investigate whether they were suffering from carrier 
leakage to the L minima. The first one was strain-compensated
142
InojGao.sAs/AlAso.gSbo.i QCL (with only an AlAs barrier at the active region) 
operating up to at least 400 K and emitting at ~  3.7um at RT with Jth=3.3 kA/cm^, a 
peak power of 2.6 W, and a WPE of 10.7% [275]. The second one had the same 
structure but operated up to 400 K and emitted at a wavelength as short as 3.5 pm 
with a peak power of 3.5 W at a threshold current density of 3.5 kA/cm^ at 300K 
[276]. However, the WPE was 6.8% which was smaller than the longer wavelength 
devices. This may be attributed to the reduction of F-L separation due to the 
increase of upper laser level as a result o f decreasing the thickness of the active 
region wells. The third one was able to operate up to 400 K and emit at 3.6 um with 
a threshold current density of 3.1 kA/cm2 and a WPE of ~ 9 % at 300 K, and a peak 
power as high as 20 W at 285 K [32]. However, the structure was modified by 
removing the thinnest quantum well in the active region that was closest to the 
injection barrier [32]. Details of the structure and performance of these three QCLs 
will be discussed later.
1 ,2 2 ,1  Summary of the important achievement
Table 5.2.1 shows the important improvement achieved of QCLs since the first 
fabrication of QCLs categorised into three main groups according to the materials 
comprising QCLs and the location of the institute whose researchers improved these 
QCLs as below:
The first group is InGaAs/AlInAs QCLs which includes Bell Laboratories led by 
Federico Capasso (light red) including the later works in the Institute o f Quantum 
Electronic in Zurich led by J. Faist, Northwest University led by Manijeh Razeghi, 
Pranalytica (light orange), Inc led by Arkadiy Lyakh (light brown). University of 
Wisconsin-Madison led by Dan Botez (light pink) and Humboldt University 
including InGaAs/AlAs QCLs led by W. Ted Masselink (light purple).
The second group includes InAs/AlSbQCLs developed by Montpellier University 
and led by Roland Teissier (light blue).
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Finally the third group is those researchers develop InGaAs/AlAsSb at University 
of Sheffield and are led by John Cockbum (light green) and Fraunhofer Institute 
(bright green).
The table 5.2.1 shows that the InGaAs/AlInAs QCLs particularly those emitted in 
CW mode at RT have progressed dramatically in the wavelength 4-5 pm range. 
The output power and threshold current density were for example 95 mW and 1.71 
kA/cm^ respectively at RT for a 1-4.8 pm in 2004 while they improved in 2007 for 
a 1-4.7 pm at RT to approach an output power of 4.5W, a slope efficiency of -  7.5 
W/A with a Jth~0.8 kA/cm^. They also were improved as reported in 2012 for 
shorter wavelength down to 3.4 pm CW at temperatures up to 328 K with an output 
power 576 mW and a Jth~L2 kA/cm^ at 288 K. However, at more shorter 
wavelength there is no report until now of CW operation as these materials are 
limited by the low band offset (AEc-0.7 eV) and also the small T-X separation 
particularly at short wavelength (1<3.2 pm) compared to other materials used in the 
QCLs listed in table 5.2.1 that increase the probability of having carrier leakage to 
the satellite valley minima.
On the other hand. Figure 5.2.5 (b) shows the slope efficiency of several 
compositions of InGaAs/AlInAs emitting in three wavelength ranges. The best 
composition of the indium is -  0.7 in the quantum well and -  0.2 in the barrier as 
this composition showed the highest slope efficiency for the 4-5 pm wavelength 
range. However, the growth and processing techniques may also play an effective 
role in increasing the output efficiency.
Table 5.2.1 and figure 5.2.5 also show that InAs/AlSb QCLs have reasonably 
progressed compared to InGaAs/AlInAs QCLs. Although these materials have high 
band offset and large F-L separation, they are still not efficiently emitting at RT as 
they have intervalley carrier scattering into L minima. InGaAs/AlAsSb QCLs 
emitting at wavelengths of 3.4-4.4 pm at RT had a very high peak power (-20W) 
and high slope efficiency (-4W/A) at 285 K. The best composition according to 
figure 5.2.5 is luojGao.sAs/ALAso.s (Sbo.2) for the injector region without the 
antimony in the active region; this will be discussed later.
1 4 4
Table 5.2.1: Key improvements of OCLs in the mid-infrared since the first one categorised into 
three main groups; InGaAs/AlInAs QCLs developed at Bell Laboratories (light red), Northwest 
University (light orange), Pranalytica, Inc (light brown). University of Wisconsin-Madison (light 
pink) and Humboldt University (light purple). The second group which includes InAs/AlSbQCLs 
developed at Montpellier University (light blue) and the third group which includes 
InGaAs/AlAsSb developed at University of Sheffield and (light green) and at Fraunhofer Institute 
(bright green).
Year Materials DC(%) Type &(pm) Jth(kA/cm^)
T max
(K)
P(mW) To(K) Ref
1994
AlInAs/GalnAs 
lattice matched to 
InP
Pulsed
operation
25 periods of 
3-QW 4-11 14 90 8 [42]
1998
InOaAs/AlInAs
strain-compensated
InP-based
0.0225 
&CW up 
to50K
16 periods of 3.5 2.2 270 120 at 15 K(CW) 85 [222]
2001
AlInAs/GalnAs 
lattice metched to 
InP
0.1
50 periods of 
5-QW of 
Super-lattice
11 3.83 at 300 K 425
500 at 
300 K 167 [223]
InGaAs/InAlAs/InP 
lattice matched 1.5
35 periods of 
4-QW 9
3.6 at 
300 K 333
800 at 
333K 214 [88]
2002
Strain-compensated
InGaAs/InAlAs/InP 1.5
28 periods of 
4-QW 5.3
5.6 at 
393 K 393
780 at 
300 K 203 [88]
GalnAs/InP 6WPE 9%
75 periods of 
super-lattices 9
1.4 at 
300 K 425
3500- 
(150 ave) 
at 300 K
167 [228]
GalnAs/AlInAs -  
InP strain- 
compensated
17 30 periods of 4-QW 6.1
2.4 at 
300 K 400
1500 
(225 ave) 
at 300 K
167 [229]
GalnAs/AlInAs 
InP strain- 
compensated
56 30 periods of 4-QW 5.9
1.7 at 
300 K 400
560 ave at 
300 K 198 [230]
2003
GalnAs/AlInAs 
InP strain- 
compensated
CW
WPE
1.24
30 periods of 
4-QW 6
2.42 at 
298 K 308
106 at 
298 K 197 [231]
GalnAs/AlInAs 
InP strain- 
compensated
CW
WPE
1.57
30 periods of 
4-QW 6
2.26 at 
298 K 313
198 at 
298 K 187 [232]
InGaAs/AlAsSb 
lattice matched to 
InP
0.1 30 periods 4.3 6 260 230 at (20 K) 150 [224]
2004
InGaAs-AlAsSb 
lattice matched to 
InP
Pulse
operation 30 periods 3.1 2 240 - - [225]
GalnAs/AlInAs
strain-compensated CW 30 periods 6
2.35 at 
300 K 333
372 at 
300 K
162
(pulsed) [233]
GalnAs/AlInAs
strain-compensated CW
30 periods of 
4-QW 4.8
1.71 at 
300 K 323
310 at 
300 K 95 [234]
InAs/AlSb-InAs 0.01 25 periods of 2-QW 4.5 9 300
1000 at 
78 K 100 [236]
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Year Materials DC (%) Type X  (pm) (kA/cm^)
T max 
(K) P(mW) To(K)
Ref
2004
InGaAs-AlAs strain- 
compensated InP - 
sustarte
0.05
30 periods of 
bound-to- 
continuum
3.8 4.8 at 298 K 330
240 
maximum 
peak at 
296 K
119 [235]
GalnAs/AlAsSb 
lattice-matched to 
InP
0.01 25 periods 3- QW 4.5
5.2 at 
300 K 400
750 at 
300 K 171 [241]
2005
InAs/AlSb-InAs 0.4 25 periods of 2-QW 2.55 8 300 0.004 - [237]
InGaAs/InAlAs
strain-compensated CW
25 periods of 
bound-to- 
continuum
5.4 2.05 300 13 at 243 K 155 [238]
GalnAs/AlInAs
strain-compensated CW
30 periods of 
4-QW 4.8 1.1 298 135 177 [239]
GalnAs/AIInAs
strain-compensated CW
Double
phonon
resonant
5.25 1.4 at 300 K 363
480 at 
300 K 170 [240]
2006
GalnAs/AlAsSb 
lattice-matched to 
InP
0.01 30 periods 3- QW 3.7-3.9
3.9 at 
low T 310 17 130 [244]
InGaAs/InAlAs-
ALA.s/InP
strain-compensated
0.1 30 periods super-lattices 3.3
2.5 at 73 
K - 200
200 < 
200 K 
<15
[245]
2006
InAs/AlSb InAs- 
based 0.05
bound-to-
continuum
superlattice
3.1-3.3 3 at 83 K 150 240 82 [246]
InGaAs/AlInAs
strain-compensated CW 30 periods 3.8
1.51 at 
300 K
143 at 
300 K 318
163 in 
CW [243]
2007
InGaAs/InAlAs- 
AlAs 
strain-compensated 
to InP
0.2-1.25
30 periods 
super-lattices 3.05
2.7 at 80 
K 120 150 175 [247]
GalnAs/AlInAs 
strain-compensated 
InP- substrate
CW
9.3%
w.p.e.
30 periods of 
buried 
heterostructure
4.7 1.2 675 298 155 [248]
InGaAs-ALAs strain- 
compensated InP - 
sustarte
50
30 periods of 
bound-to- 
continuum
3.62,
3.8 at 77, 
300 K
0.8, 3.6
at 77, 
300 K
70 at 77 
K 300
143 at 
77 K [249]
InGaAs/AlGaAsSb 0.01
30 periods of 
bound-to- 
continuum
3.6-3.8 12.2 340 19 at 340K 114 [250]
2007 InGaAs/ALAsSb InP 
lattice-matched 0.025
30 periods of 
bound-to- 
continuum
3.05-3.6 2.6-12(80-300) 320 20
130-20
(80-
300)
[253]
Strain-compensated 
(53-60-70 % In) 
InGaAs/AlAsSb/InP
0.025
30 periods of 
bound-to- 
continuum
4.15
4.10
4.05
4.1/ 4.4
4.1/4.4 
4.0/4.3 
100/300 
K
320
800/150 
1200/ 200 
700/120 
100/300 
K
155
165
150
[251]
Strain-compensated 
InGaAs/AlAsSb/InP 
(AlAs barriers)
0.025
30 periods of 
bound-to- 
continuum
4.1
1.4/6.7 
100/300 
K
320 500 140 [252]
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Year Materials DC (%) Type X  (pm) (kA/cm )
T max 
(K) P(mW) To(K) Ref
2007
InAs/AlAsSb 
strained to InAs 0.0002
Superlattice
bound-to-
continuum
3.5 8.2 300 0.2 - [254]
InAs/AlSb InAs- 
based 0.01,0.04
25-repeat 3- 
QW active 
region
3.3 3 at 300 K 400
1000 at 
300 K 175 [255]
InAs/AlSb InAs- 
based 0.01,0.04
25 periods 
superlattice 2.97 2 285 1500 - [256]
2008
strain-balanced
InGaAs/AHnAs
InP-based
CW
WPE
8.8%
40 periods of 
BH 4.6 1.05 300 1500 -
[257]
strain-balanced
InGaAs/AlInAs
InP-based
CW
WPE
3.73%
30- periods of 
double- 
phonon 
resonant
4.6 1.52 at 298 K 363
590 at 
298 K 123 [262]
strain-balanced
InGaAs/AlInAs
InP-based
CW 
WPE 
12.5 %
30- periods of 
hetero- 
structure
4.6 1.44 at 300 K 373
2500 at 
300 K 172 [263]
InAs/AlSb
InAs-based 0.01
25-periods of 
3-QW
3.3 at 
RT 
2.75 at 
78 K
3atRT  
2 at 78 K
400
140
1000
300 175 [267]
2009
Strain-compensated 
InGaAs/AlAsSb/InP 
(AlAs barriers)
0.025
WPE
10.7%
30-periods
bound-to-
continuum
3.7
3.3/8.2 at 
300/400 
K
400
2600 
/1000 at 
300/400 
K
108 [275]
strain-balanced
InGaAs/AllnAs
InP-based
CW 
WPE 
15.5 %
40- periods of 
hetero­
structure
4.8 1.26 at 298 K -
3400 at 
298 K 154 [277]
strain-balanced
InGaAs/AllnAs
InP-based
CW
WPE
12.7%
40 periods of 
BH andNRE 4.6 0.975 293 3000 168 [84]
2009 Strain-compensatedInGaAs/ALAsSb/InP 0.05
30-periods
bound-to-
continuum
3.1 19.2 300 8 90 [272]
2010
Strain-compensated
InGaAs/ALA.sSb/InP 0.025 3.36 5.9 300 400 -
[273]
Strain-compensated 
InGaAs/AlAsSb/InP 
(AlAs barriers)
0.025
30-periods
bound-to-
continuum
slightly
diagonal
3.3 7.5 300 1000 150 [274]
Strain-compensated 
InGaAs/AlAsSb/InP 
(AlAs barriers) 
WPE 9.1%
0.025 
and 2
30-periods
bound-to-
continuum
3.6 3.1 at 300 K 400
20000 at 
285 K 
>2000 at 
400 K
- [32]
Strain-compensated 
InGaAs/AlAsSb/InP 
(AlAs barriers) 
WPE 6.8%
0.025
30-periods
bound-to-
continuum
slightly
diagonal
3.5 3.5 at 300 K 400
3500 at 
300 K 116 [276]
InAs/AlSb
InAs-based 0.01
25-periods of 
3-QW
2.65 at 
80 K 6.5 175 150 95 [95]
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Year Materials DC (%) Type )i(pm) (kA/cm )
T max 
(K )
P(mW) T o(K ) Ref
2010
strain-balanced
InGaAs/AllnAs
InP-based
CW
WPE
6%
30- periods of 
3-QW single 
phonon
3.76 1.67 at 298 K 386
1100 at 
298 K 128 [264]
strain-balanced 
InGaAs/AllnAs 
InP-based 
(Shallow-QW) 
with AlAs active 
region barriers
CW
WPE
16%
30- periods of 
3-QW single 
phonon
5 1.43 at 298 K 373
3000 at 
298 K 383 [29]
strain-balanced
InGaAs/AllnAs
InP-based
CW
WPE
5.0%
40 periods of 
BH andNRE 4.0 1.343 293 750 135 [259]
2011
strain-balanced 
InGaAs/AllnAs 
InP-based 
(Shallow-QW) 
with AlAs active 
region barriers
CW 
WPE 
21 %
30- periods of 
3-QW single 
phonon
4.9 1.39 at 298 K 378
5100 at 
298 K
373 in 
pulsed [278]
2012
strain-balanced
InGaAs/AllnAs
InP-based
CW
WPE
2.6%
30- periods 3.56 1.35 at 288 K 328
504 at 
288 K 156.6 [265]
strain-balanced
InGaAs/AllnAs
InP-based
CW
WPE
2.8%
30- periods 3.4 1.2 at 288 K 328
576 at 
288 K 151.5 [265]
strain-balanced
InGaAs/AllnAs
InP-based
5
WPE
3.1%
1.52%
30- periods 
double­
channel 
& buried-ridge 
structures
3.2
3.0
1.66
1.97
378
338
930
660
108
102 [266]
strain-balanced
InGaAs/AUnAs
InP-based
CW
WPE
16.3%
40 periods of 
tapered BH 
andNRE
4.7 0.8 283 4500 - [261]
2013 InAs/AlSbInAs-based 0.025
24-periods of 
3-QW
Tuneable
3.19-
3.275
4 300 35 - [271]
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Fig.5.2.5 Improvement of QCLs; (a) shows the improvement of slope efficiency of 
InGaAs/AIAs(Sb) at room temperature with pulse operation and (b) shows slope efficiency at the 
room temperature CW operation of InGaAs/AllnAs. The main difference between these two 
different materials QCLs is that the InGaAs/AllnAs is good at the range of 4-5 pm of wavelength 
whilst InGaAs/AlAs(Sb) is good at the wavelength range of 3-4 pm. However, the latter are not 
able to emit in CW at RT until writing this thesis.
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5.2.3 InGaAs/AlAsSb short wavelength QCLs
The first trial to design InGaAs/AlAsSb QCLs was made by Nobuhiko Susa in 1996 
as he made double and triple QWs that lead to the possibility of using the 
intersubband transition to make QCLs [279]. Liua and Ning also suggested using 
InGaAs/AlAsSb triple QWs as THz intersubband laser [280].
^  -------
/\
AEc~ 0.74 eV
AIS
A
L
X
\/
X
Ino.7Gao.3As
(a)
H.53Gao,47As
(b)
InA
(c)
AIS
A
\/
2L
AEc~ 2.1 eV
Fig.5.2.6 Schematic diagrams of the band offset (AEc) of (a) In^.^Ga^^As/ Al^^In^^As, (b) 
In Ga As/ AlAs Sb , and (c) InAs/AlSb QCLs with showing the lowest satellite conduction0.53 0.47 0.56 0.44  ^  ^ ^  ®
band minima X and L.
The first InGaAs/AlAsSb QCLs reported in 2004 by Revin et a l ,  emitted at X ~ 4 
and 5.3 pm at 10 K [281]. These QCLs based on such materials have good 
conditions to be operated at wavelengths of 3-4 pm as they have a large band offset 
which is -1.62eV for InP lattice-matched InGaAs/AlAsSb and -1.3-1.5 eV for the 
strain-compensated InGaAs/AlAsSb. This band offset as shown in figure 5.2.6 is
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considered large enough to be the best candidate for short wavelength QCLs 
compared to Ino.53Gao.47As/Alo.48lno.52As lattice-matched to InP (AEc ~ 520 meV) or 
to strain-compensated InGaAs/AllnAs (AEc ~ 700 meV) or also to InAs/AlSb/InAs, 
even these materials have larger band offsets (AEc -2.1 eV ) and larger F-L 
separation (-0.73eV) but they are very sensitive to temperature due to the 
backfilling effects which prevent devices firom producing high enough output power 
at RT compared with other materials due to the increase of their threshold current 
density [32, 226, 253, 267, 275, 276, 282, 283]. Furthermore, The maximum photon
energy o f subband transitions according to the relation ^  [3] will be
450, 800 and 1050 meV which corresponds to wavelengths of -2.8, 1.55-1.9 and 
1.18 pm for InGaAs/allnAs, InGaAs/AlAsSb and InAs/AlSb respectively.
The InGaAs/AllnAs QCLs have good performance such as low threshold current 
and the ability to operate at high temperature for wavelengths longer than 4.0 pm. 
However, these materials are not suitable for making QCLs emitting at shorter 
wavelengths due to limitation in their performance fi*om non-radiative processes 
such as carrier scattering fi*om the upper laser level to the continuum as a result of 
their low band offsets [284], although they were improved to operate in CW mode 
at RT as mentioned in the previous section.
InAs/AlSb InAs-based QCLs also have good performance at wavelengths between 
3 and 3.5 pm, but it was reported that they suffered from carrier leakage to the L 
minima which prevents them lasing above 140 K [78, 269]. However, this problem 
was solved [95] and it was proved that there was negligible scattering to L minima 
at 90 K [270, 285] (as will be discussed later). Having good confinement in the 
active region is a requirement to sustain the laser when emitting at ambient 
temperature, therefore the band offset energy (conduction band discontinuity) is an 
important factor for confining the electrons to contribute to the laser gain. 
InGaAs/AlAsSb InP-based QCLs showed good performance in the wavelength 3.5-
3.8 pm and are still promising for CW operation at these important wavelengths if  
they are designed to eliminate the probability of having carrier leakage to the 
satellite valley minima.
151
5.2.4 Carrier scattering to the inter-valley minima
In order to ensure the operation of emitting lasers from the QCL devices, gain must 
be achieved and sustained during their operation. This requires adequate population 
inversion between the two energy levels in which the lasing transitions take place. 
Population inversion cannot take place unless the carriers are confined and not 
scattered. Good confinement is ensured by having an adequate energy separation 
between the upper laser level and the active region barriers. Laser operation also 
requires an adequate energy separation between the upper laser level and L or X 
minima as shown in figure 5.2.7. If the upper laser level o f a QCL approaches these 
levels, it will affect the population inversion as the carriers will be scattering to the 
lowest satellite valley and this will deteriorate the QCL performance.
The problem of electron scattering fi*om the upper laser level was realised just after 
the demonstration of the first QCLs. In 1998, Faist, J., et al. reported concerns about 
the limitation of Ino.53Gao.47As/Ino.52Alo.48As devices caused by carrier leakage to 
the continuum (out of the conduction band discontinuity) due to the small size of 
the energy separation between the F-F or intervalley scattering into the L minima 
as the separation energy (F-L ) was expected to be on the order of AEc. This carrier 
leakage is the main challenge to achieving short wavelengths [222].
in 2006 Carrier scattering to the X minima was reported in GaAs/AlGaAs QCLs 
lasing at 9.2|xm at 115 K from hydrostatic pressure experiments [286]. It was found 
that the laser threshold current increased by 30% over 0-7.5 kbar because o f the 
decrease in the F-X separation energy by -  13.5 meV/kbar with applied hydrostatic 
pressure. Bismuto et a l  reported a high performance InGaAs/InALAs-ALAs InP- 
based QCL Sb fi'ee. This had a further F-X and F-L separation energy and hence the 
laser was not affected by carrier leakage, compared to those with Sb [287, 288]. 
Lyakh et a l ,  were concerned about carrier leakage to the satellite valley minima at 
shorter wavelength, hence they designed a device emitting at a wavelength o f -
3.5 pm.
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Scattered carriers
X or L v a l le ^ "  
Carriers 
tunnel to Eui
F- well
(a) ( b )
r - barrier
(c)
Fig.5.2.7 Schematic diagram of the effect of the F-X/L separation and the population inversion. In 
the case of a large separation (a), the probability of a carrier scattering to L or X minima from the 
upper laser level is less likely compared to that of having a smaller separation (b) or L/ X being 
under Eui (c).
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Fig.5.2.8 Band profile of QCLs containing the band edges of both quantum wells and barriers and 
wavefunctions of energy levels of (a) deep well design, (b) a design of deep well active region with 
injector and relaxation regions [27], (c) tapered active region design [28] and (d) shallow well 
active region design [29]. Transition occurs between level 4 and level 3 in (a), (b) and (c) whereas 
it occurs between level 3 and level 2 in (d).
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However, the short wavelength device had carrier leakage as expected due to the 
fact that the indirect X level was below the upper laser level as shown schematically 
in figure 5.2.7 (c). Hence this energy position of the X minima prevented lasing at 
293 K. Yet, they could obtain laser in pulsed mode with a duty cycle of 30% at 266 
K but with a high threshold current density (~ 5kA/cm^) and low output power ( -  
50mW) [260]. Shin et al., and Botez et al., were able to reduce the F-X inter-valley 
leakage of InGaAs/AlInAs QCLs emitting at a wavelength of ~ 4.8pm, by 
increasing the depth of the active region quantum wells o f the barriers around the 
active region compared to those of the injector region by using different materials in 
the compositions to produce different strain compensations between the two regions 
(i.e. Ino.68Gao.32As/Alo.75Ino.25As in the active region and In0.60Ga0.40As/Al0.56ln0.44As 
in the injector region) [289, 290]. This change in the barriers of the injector and 
active region accompanied with tapering of the barriers in the active region, as 
shown in figure 5.2.8 (a,b,c), reduces the thermal carrier leakage to the lowest 
indirect satellite (X in these materials) as the deep-well active region increases the 
height of barriers and the tapering helps to push the minigaps of the upper 
relaxation region away fi*om the active region resulting in a reduction in the 
coupling of the wavefunctions of the upper laser level and the X minima, which in 
turn substantially suppressed the carrier leakage to the X-valley [28, 289-293].
Bai Qt a/.,[29] reported a shallow-well design as shown in figure 5.2.8 (d) with the 
insertion of AlAs in the relaxation region barriers to prevent carriers scattering fi*om 
the upper laser level to the continuum. The shallow QWs have the advantage of  
decreasing the interface roughness scattering rate which is proportional the square 
of the band offset at the interfaces. Therefore, replacing the first quantum well and 
barrier in the active region by a shallow quantum well helps to reduce the interface 
roughness scattering as the band offset decreases [29, 278].
Marko et a l ,  reported an increasing in threshold current density with increasing 
temperature of short wavelength InAsAlSb quantum cascade lasers emitting at ~ 2.9 
jam up to 190 K and 3.3 pm at RT. They suggested that the reason of this limitation 
was the scattering of electrons to the L minima which increases the threshold with
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increasing temperature [78]. By investigating these two QCLs under high 
hydrostatic pressure at 90 and 190 K, they found that the shorter wavelength 
devices were suffering from increased threshold current density whilst the longer 
wavelength device was not affected. Hence, they attributed this increase of the 
threshold current to carrier leakage to the L minima [78, 268, 269]. Subsequently, 
Cathabard et a l  showed that InAs/AlSb QCLs emitting at wavelengths as short as 
2.63-2.65 pm can be optimized to weaken carrier leakage into the L-valley by 
reducing coupling between the active InAs quantum wells [95]. Furthermore, they 
achieved what they proposed by increasing the transition energy even more but by 
moving down the T level instead of raising the upper laser level (as it commonly 
increases faster than the lower laser level when narrowing the well width in order to 
achieve shorter wavelength) to keep adequate separation between the upper laser 
level and L minima. This reduced the coupling between the active quantum wells 
and hence reduced the probability of carrier scattering to the lowest indirect 
intervalley level. This was achieved by increasing the thickness of the barrier in the 
active region. Thus, the devices were able to operate with wavelengths o f -2 .6  pm 
up to 175 K [95].
Further investigation by application of hydrostatic pressure has been done on these 
lasers emitting at wavelength of 2.6 pm. The pressure measurement results 
confirmed that these short wavelength devices did not have carrier scattering to the 
intervalley minima [270, 285].
Revin et a l ,  reported a room temperature pulsed operation of lattice matched 
InGaAs/AlAsSb InP-based QCLs emitting at wavelengths of -3.5pm. They 
predicted that there may be carrier scattering to For X valleys when the structure is 
designed for emitting at a wavelength of ~ 3.7pm. This was followed by producing 
another structure consisting of strain-compensated Ino.7Gao.3As/AlAsSb QCLs 
lasing at 4.1 pm. The QCL performance was very comparable with the lattice 
matched ones mentioned above apart from the transition energy. This design, 
however, was aimed to increase the separation between F and the lowest satellite 
valley which was assumed to be L in the structure having 70% indium [251]
155
1000
X-valley
Lattice
matched
0) 1 4 0 0 strained
L-valley
r-valley r-X « 540meV
r-X « 620meV
UJ 3 0 0
— InG aAs 
__ 300K
200
r-L sep aration  
r-X sep aration
/
strain
InG aAs 
' T=300 K
Lattice
sd
matched
0 .0  0.1 0 .2  0 .3  0 .4  0 .5  0 .6  0 .7  0 .8  0 .9  1 .0 0 .0  0.1 0 .2  0 .3  0 .4  0 .5  0 .6  0 .7  0 .8  0 .9  1.0  
X in In G a, A s
Fig.5.2.9 Simple plot of basic calculation of the F, X and L energy levels of InGaAs for different 
fraction of InGaAs Alloy. Parameters involved in this calculation were taken from ref. [30]. Indium 
with a fraction of 0.7 becomes strained to InP but in the plot the effect of strain on the X and L 
valleys is not taken into account in determining the X and L minima.
This separation was calculated to be -  160 meV from the upper laser level to the L 
minima. The separation between F-X or F-L increases with increasing the fraction 
of indium as can be seen in the figure 5.2.9 (without considering the effect of stain 
on the X and L minima). This means that the strained InGaAs has larger F-X, L 
separation than lattice matched. Therefore, leakage into the intervalley minima 
decreases. Revin et a l ,  estimated the increase of the lowest intervalley to be -80  
meV above the upper laser in the active region (F-well) when the materials used 
are strained [294].
Several structures without antimony in the barriers in the active region have 
successfully achieved higher efficiency performance at shorter wavelengths and 
higher temperature. However, the problem of leakage to the lowest valley minima is 
still considered, particularly when the threshold increases at higher temperature. 
Commin et a l ,  reported that the calculated separation between the upper laser level 
Eui and the lowest satellite valley is only -  38 meV in Ino.yoGao.soAs emitting at -  
3.5pm at RT [32, 275, 276] which have been used in this study.
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5.3 Devices structure
InGaAs/AlAs(Sb) QCLs grown on InP substrates have a large enough conduction 
band offset o f ~1.62eV for lattice matched InGaAs/AlAs(Sb) [253] compared with 
the lowest band offset required for AlGaAs barrier based on GaAs which is -390  
meV. This band offset value makes this structure suitable for short wavelength 
emission at 3-4pm [253] because the smallest required band offset is about twice 
that o f the laser transition energy at pulsed operation at room temperature [15]. InP 
is a particularly attractive substrate owing to the fact that standard processes have 
been developed in the telecommunications industry for large multiple-wafer 
systems. This leads to significant manufacturing cost savings.
The devices investigated were three groups of quantum cascade lasers; M3588, 
M3 593 and M3 594 which were grown at Sheffield University by molecular beam 
epitaxy (MBE) [252] with an upper InP waveguide cladding regions grown by 
metal-organic vapour-phase epitaxy (MOVPE) [272].
The laser core was grown on InP substrate with low doping (n-1-6 10^  ^ cm‘^ ). The 
indium composition in the layers o f InGaAs was directly provided by the growth 
ratio rate o f Ga/In whitest Sb/As for the growth of the AlAsSb layers was adjusted 
until the average mismatch to InP was less than 0.002. The sequence of the growth 
of the laser was 200 nm for Ino.53Gao.47As spacer on the bottom then the strain- 
compensated core, then 200 nm of Ino.53Gao.47As spacer layer. The wafer afi;er that 
was transfer to MOVPE to grow 3 pm InP cladding layers. This wafer was 
processed into 10-50 pm wide ridge by dry etching then evaporated Ti/Au on the 
top and bottom to make contacts and then cut into 1.5 or 3 mm bars with as cleaved 
facets. These devices were received on three bars. Each bar has 20 devices [272].
All provided samples that were etched into 1.5 and 3 mm bars, with ridge width of 
10,20, 30,40 and 50 pm and all originated from the same wafer. Manually cleaving 
and cleaning were done as described in chapter 3. However, we used the devices 
have 20 pm only because other larger devices need a huge current to reach the 
threshold current (>4 A) as shown in figure 5.3.1.
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They were bound-to-continuum design [87] consisting of 30 periods of strain- 
compensated Ino.7Gao.3As/ AlAso.g(Sbo.2) QCLs emitting at a wavelength of 
A=3.5pm,3.7pm and 3.6pm at room temperature respectively in pulse mode 
operation. The active region has AlAs barriers whilst the injector region has 
AlAsSb barriers [252] as seen in figure 5.3.2. The tensile strained AlAs(Sb) with a 
lattice constant smaller than InP by -  3.5%, was compensated by compressively 
strained InGaAs by not more than 0.1% strain in the quantum well throughout the 
core region by increasing the fraction of indium to be 70% [252, 275]. Using AlAs 
in the active regions instead of AlAsSb can also eliminate the inter-diffusion of 
antimony in order to improve the interface quality and corresponding laser 
performance [252].
The structure of the M3 593 device contains thirty periods of 
2.5/1.3/(1)/3.7/(1)/3.4/(1.1)/3/(1.1)/2.6/(1.1)/2.4/1.1/2.2/1.1/2/1.1/L9/1.2/L8/1.3/L7 
/1.4/1.6/1.6/1.6 (in nanometres), where AlAsSb barriers are in bold font, AlAs 
barriers are in bold font between brackets, InGaAs layers are in standard font and 
the underlined layers are Si doped to n=6xl0^^ cm~^  [276].
B
, HFW MT'Zm WD Tilt 
xO,61 mm 5 33 23 PM 13 5 mm-03
HV Spot Mag HFV/ 2.27/2011 WD Till 
5 0 kV 3 0 4808X 28 12 i . t  5:07 23 PM 131 mm -0 2 '
Fig.5.3.1 Microscopic image o f a sample o f the devices (a), SEM picture which shows the edge o f  
one device (b) and an SEM picture shows the device ridge and layers (c).
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Fig.5.3.2 Calculated conduction band profile o f device M3 593 under field for two active regions 
and one injector o f  Ino.7Gao.3As/AlAso.8Sbo2 . The lasing transition is marked by the arrow [31].
The threshold current density of this device was -3.7 kA/cm^ and the peak of 
optical power was 2.6 W at 300 K [275].
The second device was M3588 which is similar to the device M3593 except for 
several changes in the width of quantum wells in both regions and hence the 
emitting laser wavelength. It contains a thirty period (in nanometres) of:
2.7/1.2/(1.0)/3.4/(1.0)/3.1/(1.1)/2.7/(1.1)/2.3/(1.1)/2^/1.1/M/1.1/L9/1.1/
1.8/1.2/1.7/1.371.6/1.5/1.5/1.8/1.5, where AlAsSb barriers are in bold font, AlAs 
barriers are in bold font between brackets, InGaAs layers are in standard font and 
the underlined layers are Si doped to n=6xl0^^ cm~^  [276]. The threshold current 
density for this device at 300 K was -3.8 kA/cm^ and the peak optical power was -
3.5 Wat 300 K [276].
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Fig5.3.3 Band structure under electric field of device M3594, the arrow indicates to vertical laser 
transition from the upper laser level to the lower laser level [32].
Both M3593 and M3588 have slightly diagonal laser transition (as explained in 
chapter 2) to increase the life time of electrons on the upper laser level [32]. 
However the third device M3 594 is slightly different in the quantum well width and 
has a vertical laser transition as can be seen in Figure 5.3.3. This vertical transition 
was achieved by removing the narrowest well in the active region that is the closet 
to the injector region to reduce the wave functions overlapping between the upper 
and lower laser [32]. These changes of the structure made the laser emit at 3.6 pm 
with a threshold current density of -5.4 kA/cm^ and a peak optical power o f -20  W 
at 285 K [32]. The structure of this device contains also thirty periods of (in 
nanometres):
2.7/3.9/(1.1)/3.3/(1.1)/2.8/(1.1)/2.4/(1.1)/2.3/1.1/2^/1.2/2T/1.3/2/1.4/T9/1.5/M/1-6 
/1.7/1.7/1.6 where AlAsSb barriers are in bold font, AlAs barriers are in bold font
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between brackets, InGaAs layers are in standard font and the underlined layers are 
Si doped to n=6xl0^^ cm~^  [32].
The advantages of the structure used in these QCLs are firstly, the bound to 
continuum design provides more efficiency in the injector and extractor regions as 
the upper laser state is localised to be close to the injector levels providing more 
efficient injection of electrons. The extractor region is also more efficient in 
extracting electrons than the single or double phonon resonance extractor. In the 
bound to continuum design the lower laser level consists of minibands where the 
electrons have most shorter lifetimes compared to the upper laser level increasing 
the efficiency of population inversion. This design also prevents the lower laser 
level from being backfilled when temperature increases thanks to the minibands. 
Secondly, the strain-compensated materials provide optical properties as good as 
lattice matched materials without large deformation which in turn can affect the 
optical properties o f such materials. For example, growing up more defects due to 
dislocations using tensile or compressive strain may lead to an increase in optical 
losses. Thirdly, the 30 period stages o f the active region provide a higher output 
power compared to that of QCLs having fewer stages. Finally, making this structure 
with three quantum wells benefits from the transitions being vertical or slightly 
diagonal which is more efficient than that of two quantum wells where the 
transition is diagonal. These structures were designed to operate at room 
temperature at this important wavelength range (3-4pm) as they have large AEc and 
also apparently adequate separation between the upper laser level and the lowest 
satellite minima (L and X) in order to prevent intervalley carrier scattering into 
these minima. In addition, the performance of these devices showed a high output 
peak power and also high wall plug efficiency (WPE) compared with the QCLs 
emitting at a similar range of wavelengths such as InAs/AlAs and InGaAs/AlInAs 
QCLs.
5.4 Results and discussion
In this section we illustrate the results o f the temperature dependence, spectral
analysis, pressure dependence and related analysis to prove that although these
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QCLs showed a good performance, particular in terms of output power, they still 
have limitations which occurs due to carrier scattering to the L intervalley 
particularly at room temperature and above. We believe this scattering may be the 
main factor that increases the threshold current and also prevents CW operation.
5.4.1 Threshold current density
This study was conducted to investigate temperature sensitivity o f these devices in 
order to understand the limitation processes which contribute to making the 
threshold current high.
First of all the devices under investigation were inserted into the gas exchange 
cryostat which was described in chapter 3 in order to measure temperature 
dependence. The devices were cooled down to 80 K and then, the measurements of 
temperature dependence taken from 80 K to 300 K in 20 K steps. These 
measurements were repeated at least three times for each device.
The L-I curves as seen in figure 5.4.1 show the very bright intensity and also the 
threshold current density of device M3588 on the top and device M3593 on the 
bottom. Because of the high intensity, the detector became saturated. Therefore, we 
managed the current controller to stop before the saturation point at low temperature 
as exampled in the bottom graph for the intensity at temperature of 120 K. As a 
result, and because of the decrease of the intensity with increasing temperature, we 
intentionally avoided the saturation point by fixing the highest current provided for 
all temperature measurements and removed any kink from the graph i f  it was 
available to show only the highest value of intensity we obtained for each 
temperature. However, because we do not concerned about intensity itself in this 
investigation but our concern here is about the change of the threshold current 
density with temperature which showed that the threshold current increases with 
increasing temperature which as shown in figure 5.4.1 which will be discussed in 
detail in the following sections.
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Fig,5.4.1 L-I measurements results of devices M3588 (top) and M3593 (bottom) showing the 
threshold Current density at various temperature with the highest intensity reached before the 
saturation point of the detector.
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5.4.2 Temperature dependence and Characteristic temperature Tg
Temperature dependence of threshold current of semiconductor lasers can be 
described in terms of the characteristic temperature, (To) which describes the 
temperature sensitivity as explained in chapter 2.
According to the characteristic temperature expression illustrated in equation 
2.15.3, if  the device is dominated by carrier leakage at RT, threshold current will be 
very high and lasing may not be achieved. Hence, the Tq will be very small at that 
range of temperature because it represents the device temperature sensitivity 
(TqOc Ar/Aln(/t^)). However, if the device is not dominated by carrier leakage or 
backfilling, then the threshold current may not change significantly with 
temperature and hence, the To can be large [29, 289, 295].
Figure 5.4.2 shows the temperature characteristics of the three devices M3588, 
M3 594 and M3 593. All of the three devices have the same cavity length and width 
which are ~ 3 mm and ~ 20 jam, respectively.
M3594
M3588
M3593
Tq btw 80 - 200
336+9
T.= 271 ±9
H  btw 200 K - RT
J  = 147+8
Tq= 178±4
T = 124±6
80 100 120 140 160 180 200 220 240 260 280 300
Temperature (K)
Fig.5.4.2 Threshold current density as a function of temperature for our quantum cascade laser 
devices.
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The wavelengths are slightly different; the wavelength of M3588 is ~ 3.5 pm while 
it is ~ 3.6 pm for M3594 and M3593 has a wavelength of ~ 3.7 pm at 300 K. Such 
differences in the wavelength are attributed to the energy spacing between the upper 
laser level Eui and the lower laser level Eu which are controlled by the width o f the 
well where the transition takes place. The M3588, M3594 and M3593 devices are 
denoted in the figure 5.4.2 by green squares, blue triangles and red dots 
respectively.
It can be seen fi*om figure 5.4.2 that the threshold current density is slightly 
different between the devices. M3593 has the lowest threshold current density over 
the wide range of temperature covered in the measurements. In contrast, the highest 
threshold current density measured is in M3 594. This variation of threshold current 
density may be due to the slightly different emitting wavelengths of the devices, 
related to the well width in the active region (according to the device descriptions in 
section 5.3) and correspondingly the amount of carrier scattering to the L minima 
will cause variation in the threshold current density at RT. Hence, the QC laser 
M3593 which has the wider quantum well in the active region and longer 
wavelength compared with M3588 and M3594, has a lower threshold current 
density. The reason o f the device M3 594 having the highest threshold current 
density, is perhaps related to the transitions being vertical. Here, the population 
inversion is more difficult to achieve because the lifetime of electrons at the upper 
laser level is shorter than those having slightly diagonal transitions. This in turn 
may make the probability of scattering electrons more important than in diagonal 
transitions because it is less sensitive to the overlap between the upper and lower 
laser level wavefunctions [32]. Moreover, the devices having vertical transitions are 
more likely to be more sensitive to LO phonon scattering than diagonal transitions. 
Such scattering can increase the threshold current density.
The threshold current density for all the three devices change significantly with 
temperature particularly above 200 K, thus the devices become more sensitive to 
temperature.
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It can be also seen from figure 5.4.2 that the characteristic temperature value is 
higher for all devices at low temperature (T<200 K) than its value at high 
temperature (T>200 K). This is because of the reduction of non-radiative processes 
(thermal carrier scattering) at low temperature. The variation of the To values 
among the three devices is related to their wavelength particularly the position of 
the upper laser level and may be due to the quality of growth. At low temperature 
T<200 K, the device M3588 has a characteristic temperature ( T q)  of ~ 336+9 K 
whilst M3 593 is -  271+9 K over the same temperature range. The third device 
M3 594 has the smallest T q (-239+5 K) compared to the other two devices over the 
same range of temperatures. At higher temperature T>200 K the T q for the three 
devices significantly decreases. For instance, the laser device M3594 has To=147±8 
K at higher temperature while it was -  239+5 K at low temperature. Moreover, the 
characteristic temperature T q can be compared between the three devices in terms of 
their emitted laser wavelength. Here, it can be seen that at T<200 K the device 
lasing at 1 -  3.5 pm has the highest value of T q while the lowest value of To is to be 
for the device lasing at A, ~ 3.6 pm. The longest wavelength X ~  3.7pm (M3593) 
comes in-between. This may be related to the fact that the device lasing at 3.5 pm 
has a narrower well compared with the device lasing at 3.7pm. However the reason 
of the device lasing at A -  3.6 pm which has the lowest T q may be related to vertical 
transitions design as the electrons in the upper laser level have shorter lifetime 
compared to that of diagonal design. This can lead to a slightly increase in the 
carrier scattering and hence low T q.
The device emiting at 3.5 pm (M3588) was still having the highest value o f Tq at 
higher temperature T>200 K while the one has the lowest value of T q is the M3 593 
device (A ~ 3.7pm). This may be due to M3593 having a slightly wider well width 
compared to M3588 (A-3.5 pm), thus, a slight increase in the carrier leakage at high 
temperature may occur due to perhaps the slight decrease in energy separation 
between the upper laser level and the L minima leading to an increase in device 
temperature sensitivity at the range of temperature near RT.
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The characteristic temperature of all devices is approximately similar when errors 
are taken into account with very slight differences at high temperature for device 
M3 593. Therefore the To for the three devices indicates worsening in the devices 
performance with increasing temperature. This can be related to the carrier 
scattering to the intervalley minima. However, such scattering cannot be identified 
at this stage as the empirical results are not sufficient. Therefore, more analysis was 
undertaken.
5.5 Temperature dependence of photon transition energy
One of the advantages of the intersubband lasers (QCLs) is that the wavelength is 
not affected by temperature as much as the interband lasers due to the fact that the 
transitions between subbands occur within one band (conduction-band). This is 
because the rate of moving upper laser level with temperature relative to the lower 
laser level is smaller than the rate of conduction band movement with temperature 
relative to the valence band in interband lasers such as QW lasers.
Figure 5.5.1 shows an example of smoothed normalised spectra of the device 
M3 588 as a function of temperature.
A small red shift of approximately -0.10+0.03 meV/K shown in Fig 5.5.2 was 
observed over the temperature range of 80-3 OOK for the three devices. This small 
red shift can be attributed to a small reduction of the conduction band offset AEc 
with increasing temperature due to the difference in the temperature dependence of 
the upper laser level and the lower laser level as the effective masses are different 
(m*Eii > m*Eui). A much smaller temperature shift o f the QCL emission is in strong 
contrast to the ~3x larger temperature induced red shift o f the emission wavelength 
of interband lasers. From the point o f view of device applications, the relatively 
stable lasing wavelength is a beneficial feature of QCLs. However a constant output 
power with temperature is also beneficial. Hence it is important to be able to 
understand the nature o f this temperature sensitivity.
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Fig.5.5.1 Normalised smoothed intensity of photon energy spectrum graph of device M3588 at 
different temperatures.
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Fig.5.5.2 Temperature dependencies of photon transition energy of the three QCLs. The three lines 
(black, blue and red) in the graph are the temperature dependencies of the photon transition of the 
devices M3588, M3594 and M3593 respectively.
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Thus, the cause of the strong temperature sensitivity o f Ith is suggested to result 
jfrom carrier scattering to either L or X satellite valley minima in all the three 
devices.
From the temperature dependence of the threshold current we can obtain some 
indication of the presence and significance of recombination losses in the devices. 
However, it was too early at this stage of the research to confirm the reason for 
threshold current sensitivity to temperature particularly above 200 K. Therefore, 
pressure measurements were carried out to investigate more accurately the origin of 
this high threshold current.
5.6 Results analysis of pressure dependence
Hydrostatic pressure is a valuable tool that can alter the band structure. Therefore, 
applied hydrostatic pressure can be used to give more understanding of several 
mechanisms of semiconductor device limitations such as carrier leakage in QCLs. 
Pressure shifts the F-, L- and X- bands at different rates and this effectively changes 
the separation energy between the different minima [100]. Hence this can allow 
investigation of indirect intervalley scattering and potentially help with design 
optimization for improved device performance [78, 286]. For the InAs/AlSb QCLs 
studied in Ref. [78], the laser performance was not influenced by intervalley 
scattering into the X-valley s. However, in a following study, they found these QCLs 
were influenced by carrier scattering into the L minima [78]. In the lattice matched 
InGaAs/AlAsSb QCLs, the lowest satellite valley is X as the F-X separation energy 
was calculated to be -520 meV [251]. However, in the strain-compensated 
InGaAs/AlAsSb QCLs with indium fraction of 70%, the lowest satellite valley level 
is the L minima and the F-L separation energy was calculated to be ~ 620 meV 
[251].
5.6.1 Threshold current pressure dependence.
The results of pressure dependence are considered for one device (M3 5 88) only as it 
emits the shortest wavelength (3.5|4m) and gives more reliable results. The pressure
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measurements were repeated several times for each device although their results 
were not presented in this section. Therefore, we will illustrate and discuss the best 
results we have obtained.
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Fig.5.6.1 Normalised measured threshold current of M3 588 at room temperature and 100 K. Red 
squares indicate the normalised threshold at room temperature while the blue squares indicate the 
normalised threshold at 100 K.
Figure 5.6.1 shows the normalised threshold current of M3588 QCL which is 
emitting at the wavelength of 3.5pm at room and low temperature.
It can be seen from Figure 5.6.1 that the threshold current increases exponentially 
with the increase of pressure for both temperatures. Flowever, the rate of increase in 
threshold current is significantly different between room temperature and low 
temperature to be discussed in the next section. This change in the threshold current
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with the application of pressure can be attributed to carrier leakage to the lowest 
indirect (L minima) states.
5.6.2 Contribution of carrier leakage with applied hydrostatic pressure
In order to estimate the contribution of carrier leakage via F-L intervalley scattering 
to the threshold current (7th) further investigations were performed using hydrostatic 
pressure. Hydrostatic pressure of the F- and L-minima move at different rates 
-lO.OmeV/kbar for the F-minima, ~ 5meV/kbar for the L-minima and ~ -1.5 
meV/kbar for X-minima in Ino.7Gao.3As [187, 296]
Fhe leakage from the lasing level to F-continuum can be neglected in 
InOaAs/AlAs(Sb) QCLs due to the large electron confinement energy as the upper 
laser level lies at ~0.7eV below the conduction band edge of the barriers (AlAs) in 
the active region.
r-miniband & laser level
r-minima
n n n n
L-states 
II I f l n n n
r-miniband & laser level
-----------L-minima in InGaAs wells
1 - phonon scattering
2 - carrier leakage
u
Fig.5.6.2 Schematic diagram of the different current pathways contributing to the threshold current 
of InGaAs/AlAsfSb) QCLs. Process 1 represents the non-radiative intersubband relaxation via the 
LO phonon scattering. Process 2 represents the carrier leakage from the L-laser level to the upper 
indirect L-minima via inter-valley scattering [33].
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Hence, the effective carrier scattering which occurs with increasing the applied 
hydrostatic pressure is related to the leakage to either F-L or F-X minima. However, 
the F-X separation energy is uncertain as it was calculated based on literature data 
in Ref. [297] to be ~ 81 meV above the upper laser. However, it was also suggested 
that the F-X separation energy is even larger [96, 298]. Furthermore, the decrease of 
F-X separation energy is faster than for the F-L separation energy as the X valley 
has a negative pressure coefficient. Therefore, if  F-X scattering was dominant, then 
the probability of scattering into the X-valley would be much stronger than for the L 
valley and the impact on the threshold current (Ith) would be severe. However, the 
measurements exhibit weak pressure dependence over the range of pressure applied 
(i.e. 0-7.5kbar). Therefore, due to this observation of weak pressure dependency and 
the uncertainty of determining the F-X separation, the scattering into X-valley is 
assumed to be negligible over this pressure range, and consequently under ambient 
conditions. In contrast, scattering to the L minima is expected due to the fact the 
separation energy F-L is less than the F-X separation energy.
In order to simulate the carrier leakage with increasing the applied pressure, we 
used simple model depending on calculations as the following:
The total current flowing through the QCL device in the absence o f direct hetero­
junction leakage may be written as a sum of two current components as shown in 
equation 2.16.1 in chapter 2. These two processes are schematically displayed in 
Fig.5.6.2.
The spontaneous emission current due to radiative transitions is negligible (as it is a 
slow process) and hence is ignored in this analysis. The term represents carrier 
leakage from the F-laser level into the upper L-minima. The pressure dependence of 
this leakage current described as expressed in equation 2.16.2 in chapter 2.
From Equation (2.16.1), the normalized threshold current can then be further 
expressed as shown in equation 2.16.3 in chapter 2.
Figure 5.6.3 shows plots of different fitting at 100 K and RT of threshold current as 
a function of pressure.
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Fig.5.6.3 Different fitting (as a function of pressure) of different fraction (x) of the contribution of 
leakage current to the threshold current at ambient pressure at 100 K and room temperature (300 
K). The fitting lines of 0.014% and 3% were indicated by dot lines are corresponding to our 
obtained experimental results.
These curves resulted from plotting equation 2.16.3 with several values of x in 
order to obtain the exact value of x that provides a good fit to experimental results.
The pressure dependence of intersubband electron relaxation caused by longitudinal 
optical phonon scattering (Ipy) was estimated by taking the mean value of pressure 
dependencies that were calculated for InAs/AlSb QCLs emitting at wavelength of 
-2.9 pm and GaAs/AlGaAs QCLs emitting at wavelength of -9 .2  reported by our 
group in Ref. [78] and [286] respectively. Ip^  is believed to be insignificant 
according to the above estimation and the suggestion that the optical phonon 
scattering is not significant in these QCL materials [275] . Thus figure 5.6.3 shows 
the plot of the relation 2.16.3 as a function of pressure with various x values from 0 
(no presence of leakage at 7^ /,) to 1 (totally leakage at 7^ /,) that represent the 
percentage of contribution leakage to the threshold current (x=0->0% of Iieak 
contributes to Ith and x = 1 - a 1 0 0 %  of Ikak contributes to Ith) depending on the data 
mentioned above. However, the values of x in the plot shown in figure 5.6.3 are 
arbitrary chosen for illustration only except when x=0.0014 and 0.03 at 100 K and 
RT respectively, as the plots of these two values are found to be well-fit with the
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measured threshold current. Here, we can estimate the percentage of contributions 
of carrier leakage to the threshold current which are 0.14 and 3% at 100 and 300 K 
respectively.
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Fig.5.6.4 Normalized threshold current of InGaAs/AlAs(Sb) QCL at RT (squares) and lOOK 
(triangles) as a function of pressure. The dashed line presents the calculated non-radiative current 
via LO phonon scattering. Dash-dotted lines show the variation of current due to the carrier leakage 
into the L-valley calculated from Eq. (2.16.1). The solid lines are a best fit to the measured data 
using Eq. (2.16.3) and x = 0.03 at RT and x = 0.00014 at lOOK.
Figure 5.6.4 is the same plot in figure 5.6.1 but with additional fitting curves taken 
from the figure 5.6.3. It shows the pressure dependence of the threshold current 
measured at RT and lOOK in JnGaAs/AlAs(Sb) QCLs. It can be seen that the 
threshold current increases exponentially with increasing pressure particularly after 
4 kbar RT. However, a smaller exponential increasing trend of threshold current 
with increasing pressure was observed at lOOK.
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Fig.5.6.5. Plot of contribution of leakage current to the threshold current as a function of pressure 
at 100 K when x=0.0014 (blue line related to the right scale) and at room temperature when x=0.03 
(red line related to the left scale).
The experimentally measured threshold currents at RT are denoted by red square 
symbols which are in good agreement with the fitting (solid red line) when we 
substitute x in the equation (2.16.3) with a value of 0.03 which corresponds to the 
3% of contribution of leakage to the total threshold current at RT. At 100 K the 
calculated threshold current (solid blue line) is well fit with the experimentally 
measured threshold current as it is represented by blue triangular symbols. For 
clarity, the dash-dotted lines are plotted to describe the calculated leakage currents 
when the contribution of the leakage to the threshold current is 100% (x=l) at RT 
and lOOK, respectively determined using Eq. (2.16.2). The dashed black line 
represents the estimated current due to the LO phonon scattering using the same rate 
of change of the phonon current with pressure as determined in Refs. [78, 286]. The 
solid lines indicate the best fit to the measured data at RT and lOOK using Eq. 
(2.16.3).
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Fig.5.6.6. Extrapolation of proportional leakage current to the threshold current as a function of 
applied pressure.
It was found that carrier leakage to the L-minima is negligible at low temperature 
but accounts for -3% of the threshold current at RT at atmospheric pressure.
Since the energy separation between the upper laser level and L-minima decreases 
with increasing pressure, this leads to the exponential increase of carrier leakage via 
F-L inter-valley scattering, which is described by Eq. (2.16.2).
In contrast, the calculated current due to phonon scattering has only a small increase 
with increasing pressure as shown in figure 5.6.4. Therefore, the percentage 
contribution of L-leakage current increases from 0.14 % at 0 kbar to ~ 0.5 at 6 kbar 
at 100 K , whilst it increases from 5% to -11% for a similar range of pressure at RT 
as labelled in the figure 5.6.5. Thus the carrier leakage via T-L inter-valley 
scattering becomes more significant at high temperature, which is consistent with 
the decrease in To as shown in figure. 5.4.2.
Furthermore, the proportional of leakage current to the threshold current was 
calculated to the 0-7.5 kbar range of pressure then the curves for both 100 and 300
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K were extrapolated up to high pressure as shown in figure 5.6.6. This shows that 
the leakage current at ~ 50% ofI& corresponds to a pressure of ~ 18 kbar.
5.7 The effect of applying pressure on the lasing energy
Since the hydrostatic pressure affects the bandgap structure in interband 
semiconductor lasers, the upper and lower laser level in quantum cascade lasers are 
also affected by application of hydrostatic pressure. However, as the rate of moving 
the two levels are different, there will be a slight increase in transition energy with 
pressure but it is very small compared with the interband lasers. Figure 5.7.1 shows 
the normalised intensity of lnGaAs/AlAs(Sb) QCLs of the lasing photon energy for 
several values o f pressure. Multi-mode occurred at atmospheric pressure and low 
pressure values up to ~1  kbar as the smaller (shorter) peak started to disappear with 
increasing pressure.
Figure 5.7.2 shows that main peaks in figure 5.7.1 plotted as a function of pressure 
leading to a small blue shift of the transition energy at the rate o f ~0.603±0.037 
meV/kbar.
Hydrostatic pressure leads to an increase of bandgap in the most direct bandgap 111- 
V semiconductors. The k-p theory predicts that the conduction band effective mass 
is approximately proportional to the bandgap [297] as shown in Fig. 5.7.3. This 
means that the hydrostatic pressure increases the conduction band effective mass, 
which will reduce the separation between the confined levels in the quantum wells, 
and hence the lasing energy should decrease.
However, an increase in the lasing transition energy was observed with increasing 
pressure. Thus, transition energy blue shifi: is attributed to the decreased conduction 
band offset, AEc, with pressure due to the different pressure coefficients o f the F 
conduction band edges between the InGaAs QW (dE/dP (lno.5Gao.5As~ 10.88 
mev/kbar) and the AlAs barrier (dE/dP~7.49 meV/kbar) [187]. The decrease o f AEc 
with increasing pressure leads to decrease the separation energy between the upper 
F-laser level and the lowest satellite valley. The rate o f moving the upper laser level 
upwards by increasing pressure therefore will be faster than the upward movement
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of lower F-laser level and hence causing blue shift with increasing the applied 
hydrostatic pressure. This can be calculated using equation (2.10.1) and (2.10.2). 
For simplicity, we for example calculated these change of the separation energy 
between the upper laser level and the lower laser level for single quantum well 
without taking the effect o f strain into account. If we assume the width of the 
quantum well (D is  3.4 nm, the AEc=1.5 eV, the effective mass of ln0.70Ga0.30As 
m*=0.0364 nie (using the author method of calculating w* for ternary alloy) and 
w*=0.15 TMg for AlAs according to the recommended data found in ref.[30].
By substituting the above values in equation (2.10.1) for even states and (2.10.2) for 
odd states we obtained: Egven ~ 1.326 eV and Eodd~ 0.83 eV, hence the separation 
energy will be ~ 0.496 eV.
If we decrease the AEc from 1.5 eV (at atmospheric pressure) to 1.48596 eV (at 
4.19 kbar) and recalculate the energy we will find: Egven ~ 1.31539 eV and Eodd ~ 
0.813465 eV, hence the separation energy will be ~ 0.501925 eV. This value clearly 
is larger than the value of separation energy when the band offset is 1.5 eV. 
meV/kbar.
The separation energy between Eui and Eu also decrease with increasing the 
effective mass for both the QW and the barrier as below:
When the effective masses for the quantum well (InGaAs) and the barrier (AlAs) 
are increased by 10%, we then have the effective mass o f the QW m *=0.04003 
and /»* for AlAs will be 0.165 Therefore, Egven ~ 1.3085 eV and Eodd~ 0.915465 
eV, hence the separation energy will be -0 .393  eV.
However, despite the small value of blue shift, it causes further reduction of the 
separation energy between the laser level and the upper L-minimum and hence, it 
will cause higher leakage current with increasing pressure in InGaAs/AlAs(Sb) 
QCLs as was shown in figure 5.6.4.
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Fig.5.7.2 Measured lasing energy of InGaAs/AlAs(Sb) QCLs (extracted for figure 5.7.1) as a 
function of pressure at room temperature. The increase rate of laser energy with pressure is 
-0.603+0.037 meV/kbar.
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Fig.5.7.3 Conduction band effective mass versus bandgap for different III-V binaries. Note that the 
solid line is predicted by k-p theory.
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Fig.5.8.1 Plots of calculations of the energy levels of the Eui, X and L of InGaAs/AlAs(Sb) 
according to the data available in the literature as a function of the applied pressure. The inset plot 
illustrates the separation between the upper laser level and the X and L. A pressure o f -5.7 kbar 
appears to make the device not operating but the observation did not agree with that which 
indicates uncertainty of the energy level of the X minima.
5.8 Calculation the X and L valley energy levels
The position of the X valley is not known with any certainty and no one in the 
literature reported the position of X and L valley minima for the strain compensated 
InGaAs/AlAsSb (except a prediction by Commin et a l, that the lowest satellite 
valley is 100 meV above the upper laser level at least [276]). The position of onset 
of the L valley was also calculated by Revin et al to be ~ 160meV above the upper 
laser level for the 70% fraction of Indium as they calculated also the separation 
from the InGaAs quantum well bottom to L minima to be ~ 620 meV [251]. We 
have also calculated a similar value in this study according to the parameters given 
by Vurgaftman et a l, [30] but without taking strain into account. However, under
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application of electric field and according to the wavefiinctions of the laser levels, 
the calculated separation between the upper laser level Eui and the edge of F is ~ 
582 meV and the L valley is ~38 meV above the Eui [276]. Further to the discussion 
in section 5.6.2 about the inhibition of lasing if  the X valley lies near the upper laser 
level. Figure 5.8.1 illustrates the possibility of leakage to the X minima (the 
pressure coefficients o f X and L were obtained from Ref.[296]). Here lasing will be 
inhibited at pressures o f just above 5 kbar at RT. However, since this situation was 
not observed and the laser was still working with a slight increase in the threshold 
current, we believe that the position (81 meV above Eui ) is an under estimate and 
the pressure coefficient dEx/dp= -1.5 meV/kbar) is an over estimate in the range of 
pressure covered by the experiments which was up to 7.5kbar. Therefore, 
calculating the position the wavefunction of the X valley is important to try to 
determine the approximate separation between F and X valleys. Thus we will 
illustrate and discuss calculations undertaken using Nextnano software [299].
5.8.1.1Calculation by Nextnano Software
Nextnano software has a database that was recommended in literature such as band 
parameters reported by Vurgaftman. We used these without changing any of the 
data, hence we obtained the information about the band edges at room temperature 
considering the effect of strain (see details in appendices B and C).
Figure 5.8.2 shows the band diagram with an applied electric field of ~125kV/cm. 
The conduction band offset at room temperature for lnojGao.3As/AlAso.g(Sbo.2) 
which is -1.5 eV ( see also ref. [300] for InGaAs/AlAs band offset). It can be seen 
from the figure that the L minima is very close to the upper laser level Eui which 
means that most o f the carriers may scatter to the L valley minima. However, 
several studies suggested that the lowest energy state o f L is about 38 meV above 
Eui or more [253, 276, 298].
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energy values given by Nextnano and the pressure coefficients mentioned above. Inset graph shows 
the separation energy between the Eui and L/X as a function of pressure.
The band edge of the X valley shown in figure 5.8.2 is above the upper laser level 
by ~ 89 meV. However, the X valley seems to be more accurate when the 
eigenvalue of its wavefunction is taken into account. Thus the energy state of the X 
minima is located at -103 meV above the upper laser level as shown in figure 5.8.3 
which shows also the wavefunctions of the upper and lower laser level, and the 
energy state of L depending on their eigenvalues.
Figure 5.8.3 shows also that the value of the L minima is -92meV above the Eui 
which is not in agreement with the predicted of lowest satellite valley which was 
-38 meV [276] above the Eui. However, we believe that this value of L-Eui energy 
separation is more accurate as the strain and effective masses are taken into account. 
Thus the energy value of the X minima is -103 meV and for L minima is -92meV  
above the upper laser level. However, if these obtained values based on Nextnano
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are plotted as a function of pressure with the pressure coefficients mentioned above 
as shown in figure 5.8.4, we still find that the Eui-X separation energy becomes 
equal to zero at a pressure of -  8 kbar whilst it is -  18 kbar for the Eui-L separation 
energy to become equal to zero. We also find an approximate agreement in this 
calculation o f Eui-L with the extrapolation o f the leakage current plotted in figure 
5.6.6 as the leakage current approaches 100% of Ith at a pressure of -  30 kbar. 
Moreover, experimentally measurements o f X and L of THz In0.2Ga0.gAs QCLs 
grown on GaAs and InGaAs lattice matched to InP [298] showed further 
separations of F-X, L than those extracted from the values recommended by 
Vurgaftman in ref. [30]. This result and the results obtained by Nextnano, together 
with literature data indicates that the X level is above the upper laser level by at 
least TOO meV. However, as the L valley minima is lower than X valley minima, 
this confirms that the carrier leakage observed in this study is related to L valley 
minima particularly from applying hydrostatic pressure results as the separation 
between the F-L and F-X will decrease as discussed in section 5.6. However, the 
accurate energy of X minima and its pressure coefficient are still not certain.
5.9 Conclusion
The influence of carrier scattering into the L-valley on the performance of strain 
compensated InGaAs/AlAs(Sb) InP based QCLs emitting at wavelength o f 3.5-3.7 
pm was investigated using temperature and hydrostatic pressure techniques. The 
threshold currents were found to increase with increasing temperature for all the 
three devices studied. The decrease of To for T> 220K indicated that these devices 
had a loss process at high temperature that was attributed to carrier leakage via F-L 
inter-valley as was confirmed by the result of pressure dependence. It was found 
from the analysis o f the results o f pressure dependence that the carrier leakage via 
the L-minima is negligible at low temperature but it was -3% of the threshold 
current at RT and atmospheric pressure. The carrier scattering to the L minima 
increased to 11% of the Ith at RT whilst 0.5% of Ith at 100 K up to 6 kbar.
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Calculations of the energy state of X and L valleys for this strained QCLs showed 
that the energy levels of both X and L are above what predicted energy values. 
Therefore scattering to X was assumed to be negligible under ambient conditions 
because of the large separation energy between the upper laser level and the X 
valley predicted in the literature and calculated by Nextnano software. Nevertheless, 
the energy state of X minima and its pressure coefficient are still uncertain. 
Therefore, further research using different techniques may be required such as 
Photo modulated reflectance (PR).
In order to improve the performance of these devices by enabling them to have 
lower threshold current at RT, the carrier leakage via F-L scattering has to be 
reduced. This can be achieved by increasing F-L energy separation and hence 
decreasing the overlap between upper laser level and the L-minima. Tapering the 
active region barriers may help to increase this separation as the success of 
suppressing carrier scattering ftrom the upper laser level to the continuum was 
reported for InGaAs/AlInAs QCLs emitting at 4.8 pm. Deepening the quantum well 
in the active region also suppressed the carrier scattering to the continuum in 
InGaAs/AlInAs QCLs and inhibited the intervalley scattering into the L minima in 
InAs/AlSb QCLs.
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Chapter six: conclusions and future work
6.1 Introduction
This study was conducted to investigate the limitation of performance of 
semiconductor devices emitting in the mid infrared region (2-5pm). The devices 
investigated were GalnAsSbP/InAsSbP LEDs and InGaAs/AlAs(Sb) QCLs. the 
LEDs were limited by non-radiative Auger recombination whilst the QCLs were 
limited by carrier leakage to the L minima inhibiting CW operation at room 
temperature. This chapter reviews the key oucomes of the thesis. This is followed 
by a discussion of friture work that would be of interest if  further time was 
available.
6.2 Review of key results
In chapter 4, the limiting processes that deteriorate the output efficiency of 
InGaAsSbP LED devices emitting at a wavelength of -3.7 pm at room temperature 
was investigated. These processes investigated are mainly the non-radiative Auger 
recombination processes. Therefore, several temperature dependence measurements 
were conducted. The experimental results indicated the presence o f non-radiative 
recombination processes which was expected to be related to non-radiative Auger 
recombination as they are common non-radiative processes in narrow bandgap 
semiconductor materials.
Further investigations were carried out using hydrostatic pressure. The presence of  
CHCC Auger recombination was confirmed as the improvement of the output 
intensity by increasing pressure was observed. However, this improvement was 
only observed with increasing pressure up to 3.5 kbar at 100 K and up to 7.5 kbar at 
300 K. However, at higher pressure than these two critical values, the output 
intensity reduced. This observation and the results o f the temperature dependence 
measurements, together with the bandgap expansion rate with pressure (which is 
-10.7 meV/kbar) led us to deduce that there are two types o f Auger recombination 
processes occurring, namely CHCC and CHSH. The CHCC Auger recombination
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process plays a role in deteriorating the output intensity under ambient conditions. 
However, the CHCC Auger recombination process can be decreased by applying 
hydrostatic pressure whereas the CHSH Auger recombination process increases 
with increasing applied pressure as long as the spin-orbit splitting (Aso) larger than 
the bandgap (Eg). In the case of the LEDs studied, CHSH Auger recombination 
becomes important when the applied pressure approaches -3.5 kbar at 100 K and 
-7.5 kbar at 300 K. This demonstrated that the CHSH Auger recombination process 
was suppressed at ambient conditions due to the large energy of the spin-orbit 
splitting (Aso-0.455 eV) compared to the bandgap (Eg-0.320 eV at RT). Further 
increasing pressure above -3.5 kbar at 100 K showed a reduction in the output 
intensity due to the increase of CHSH Auger recombination. According to the 
calculation modelled to fit the pressure results obtained at low and high 
temperature, there is a particular value of pressure for each temperature (-8.2 kbar 
at 100 K and -12.2 kbar at 300 K) in which the bandgap becomes resonant with 
spin-orbit splitting and hence the output intensity reaches its minimum. The 
percentage of the contribution of Auger current including CHCC and CHSH Auger 
recombinations to the total current was calculated to be 14% and 46% at a 
temperature of 100 K and 300 K respectively when the device is biased to a current 
density of 250A/cm^. Pressure results proved for the first time that the CHSH Auger 
recombination process is suppressed at room temperature as expected in these 
devices designed with large spin-orbit splitting.
The influence of carrier scattering into the L-valley on the performance o f strain 
compensated InGaAs/AlAs(Sb) InP based QCLs emitting at wavelengths o f 3.5-3.7 
pm was discussed in chapter 5. By using temperature and hydrostatic pressure 
techniques it was shown that the threshold current increases with increasing 
temperature for all devices studied. This resulted in a decrease of To for T> 220K 
which indicated that these devices had a loss process at high temperature which was 
attributed to carrier leakage via Ç-L inter-valley scattering. This was confirmed 
using pressure dependence measurements. It was found that the carrier leakage via 
the L-minima is negligible at low temperature. However, the leakage current at
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room temperature was calculated to be ~3% of the threshold current at atmospheric 
pressure, even this small contribution of leakage is responsible for the temperature 
sensitivity.
6.3 Future work
Firstly, this investigation provided a good understanding of CHSH and CHCC 
Auger recombination processes which significantly affected the efficiency of the 
output intensity of the LED devices studied.
With more time, this study could be extended to investigate these devices under a 
higher pressure (e.g. up to 30 kbar) to experimentally specify the value of pressure 
when the bandgap becomes resonant with the spin-orbit splitting and to observe the 
device performance when all Auger processes are eliminated. This will confirm the 
estimated values of the CHCC and CHSH Auger coefficients and provide a 
realisation of the exact energy of the spin-orbit splitting to support the values 
theoretically calculated. It also would be helpfiil also if  the study included 
spectroscopy experiments to determine the details o f the band structure as a 
function of pressure. This investigation would be expanded for the same materials 
with different stoichiometry, in order to achieve the best design and composition 
emitting around this important range of wavelengths.
Secondly, studying the intervalley scattering into the L minima in QCL devices that 
causes an increase in the threshold current density at room temperature provided 
valuable information of the role played by such scattering processes in limiting the 
performance of QCLs. This study would be extended to do further pressure 
dependence measurements to reach a higher pressure (up to 40 kbar) in order to 
have further understanding of the impact of carrier leakage on the device 
performance particularly when the upper laser level is aligned with the L minima. It 
would also be useful to do spectroscopy measurements, particularly modulated 
photo reflectance (PR) to determine the exact value of the lowest valley minima (X 
and L) under ambient conditions. This would provide important knowledge to the 
literature as the positions of these valleys are not yet exactly known. Thus an
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expanded study could improve these QCLs investigated to have lower threshold 
current at room temperature or even to work in CW operation at room temperature. 
Hence, the carrier leakage via F-L inter-valley scattering has to be reduced. This 
could be achieved by increasing the F-L energy separation which results in 
decreasing the overlap between upper laser level and the intervalley L-minima. 
Tapering the barriers in the active region and increasing the depth of the active 
region quantum wells may help to increase this separation as these methods 
successfiilly inhibited the carrier scattering from the upper laser level into the 
continuum in InGaAs/AlInAs QCLs emitting at 4.8pm. Increasing the depth of the 
active region quantum well to lowering the lower laser level and correspondingly 
lowering the upper laser level may also offer an extra energy separation between the 
upper laser level and the lowest satellite valley as was reported for InAs/AlSb QCLs 
emitting at 2.6 pm.
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Appendices
Appendix A: LED pressure model
Formulas used for LED simulations using equations in Originlab
Efficiency??
n~10'’ cm'^
r300f/^B = 3 .0 ■ 1 0 "“ • I— I •
C =
l.SeE.
E„(CHCO E„(CHLH) EnjCHSH)
Efotai “  Q hcc ■ ® +  Echlh ■ ® +  Echsh ' ®
Parameters used in calculating the radiative efficiency of InGaAsSbP/InAsSbP 
LEDs
parameter symbol Value unit
Boltzmann constant K 8.6173324x10'^ meV/K
Band gap energy at 100 K Eg 366 meV
Band gap energy at 300 K Ee 319 meV
Spin-Orbit splitting ASO 455 meV
The CB effective mass rric/me 0.0181
The HH effective mass mht/rrie 0.418
The LH effective mass 0.0245
The SO effective mass TYI^q/ ïïIq 0.164
CHCC Auger coefficient ^CHCC 1.0x10"^ ^ cm^/sec
CHSH Auger coefficient ^CHSH 1.375x10"^^ cmVsec
CHLH Auger coefficient ^CHLH 10"^ * cmVsec
SRH coefficient A 10"^ -1sec
Carrier density n 10^ ^ -3cm
Calculation codes of the efficiency 
At 100 K
Activation energy of CHCC Auger 
Ea CHCC= 0.0181*(366+10.7x)/(0.0181+0.418)
CHCC Auger coefficient
C(CHCC)= (1.0E-25)*exp((-l/8.617)*(0.0181*(366+10.7*x)/(0.0181+0.418))) 
Activation energy o f CHLH Auger
Ea (CHLH) = 0.0245*(366+10.7*x)/(2*0.418+0.0181-0.0245)
CHLH Auger coefficient
C(CHLH)=(lE-28)*exp((-l/8.617)*(0.0245*(366+10*x)/(2*0.418+0.0181-
0.0245)))
Activation energy of CHSH Auger
Ea (CHSH) = 0.164*abs(366+10.7*x-455)/(2*0.418+0.0181+0.164)
CHSH Auger coefficient
C (CHSH) = (1.375E-25)*exp((-l/8.617)*(0.164*abs(366+10.7*x- 
455)/(2*0.418+0.0181 -0.164)))
SRH (defect) rate
An=(lE-7)*(lE+17)
Radiative coefficient
B=(3E-10)*(300/100)''(3/2)*((366+10.7*x)/1500)^(2)
Radiative recombination rate
Bn  ^= ((3E-10)*(300/100)^(3/2)*((366+10.7*x)/1500)^(2))*(lE+17)^(2)
Auger recombination rate
Cn3 = (((6.35E-26)*exp((-l/8.617)*(0.0181*(366+10.7*x)/(0.0181+0.418))))+( 
(lE-28)*exp((-l/8.617)*(0.0245*(366+10*x)/(2*0.418+0.0181-0.0245))))+( 
(1.75E-26)*exp((-l/8.617)*(0.164*abs(366+10.7*x- 
455)/(2*0.418+0.0181+0.164)))))*(lE+17)^(3)
Radiative efficieney at 100 K
p= (1/0.0696487313 l)*(((3E-
10)*(300/100)^(3/2)*((366+10.7*x)/1500)^(2))*(lE+17)^(2))/(((IE-
7)*(1E+17))+(((3E-
10)*(300/100)^(3/2)*((366+10.7*x)/1500)^(2))*(lE+17)^(2))+((((6.35E-26)*exp((- 
1/8.617)*(0.0181 *(366+10.7*x)/(0.0181 +0.418))))+((1.75E-26)*exp((- 
l/8.617)*(0.164*abs(366+10.7*x-455)/(2*0.418+0.0181-0.164)))))*(lE+17)''(3)))
Radiative efficiency at 300 K
T|= (1/0.0013644882337)*(((3E-
10)*(300/300)^(3/2)*((319+10.6*x)/1500)^(2))*(lE+17)•'(2))/(((lE-
7)*(1E+17))+(((3E-
10)*(300/300)^(3/2)*((319+10.6*x)/1500)^(2))*(lE+17)'\(2))+((((1.0E-25)*exp((-
iii
l/25.85)*(0.0181*(319+10.6*x)/(0.0181+0.418))))+((1.375E-25)*exp((-
l/25.85)*(0.164*abs(319+10.6*x-455)/(2*0.418+0.0181-0.164)))))*(lE+17)^(3)))
Appendix B: Nextnano software
Nextnano software package was used to calculate the energy levels for both X and 
L levels in the QCLs investigated and simulate the structure of one these devices.
Nextnano is a useful programme that can be a simulator for calculating electronic 
structure fully quantum mechanically o f three-dimensional heterostructure quantum 
devices under bias current density close to equilibrium. The current is determined 
by employing a semi classical concept of local Fermi levels.
The programme depends on a large data base file. The data input in this file was 
obtain mostly form I. Vurgaftman et al and Su-Huai Wei papers mentioned in 
ref.[30] and [296]respectively and other references. This data file can be modified 
by the user by changing parameters or adding new materials.
The method of this software is to solve the 8-band-k.p-Schrodinger-Poisson 
equation for arbitrarily shaped 3D heterostructure device geometries, and for any 
(III-V and Si/Ge) combination of materials and alloys including band offsets, 
absolute deformation potentials, total elastic strain energy, voltage induced charge 
redistribution, piezo- and pyroelectric charges, and surface charges. For a given 
nano structure (as will be explained in the following paragraph) the programme 
starts minimizing the total elastic energy using a conjugate gradient method 
(Eigensolver for hermitian matrices). This determines the piezo-induced charge 
distributions, the deformation potentials and band offsets. Subsequently, the 
programme solves the 8-band-Schrodinger- Poisson equation:
(V ■ [fo^r =  —p(%)), where, Eq is the vacuum primitively, is the
material dielectric constant, 0  is the electrostatic potential and p is the charge
density, and the current continuity equation (VJn(p) — g =  (,—)q ■ R), for the
electrons (n) and holes (p). The built-in potential is calculated for zero applied bias
by solving the Schrodinger and Poisson equation and setting to zero the electric 
field at ohmic contacts. For applied bias, the Fermi level and the potential at the 
contacts are then shifted according to the applied potential which fixes the boundary 
conditions in two parts; first one is when the wave functions and potential are kept 
fixed and the quasi-Fermi levels are calculated from the current continuity 
equations.
In the second part, the quasi-Fermi levels are kept constant, and the density and the 
potential are calculated self-consistently from the Schrodinger 
and Poisson equation. The strain which changes the valence and conduction band
edges is calculated by the following equation: e^y=  ^  ^(uji +  Uif)
where, is the component of strain where I and j =1, 2, 3... and u  is the vector 
that describes the displacement resulting from the lattice deformation. The diagonal 
elements of the strain tensor measure the extensions per unit length along the 
coordinate axes (positive values mean tensile strain, negative values compressive 
strain [299, 301].
The software code is written in FORTRAN. Hence, to build the up a simulated 
structure as we have done to simulate the QCLs, you will need to write the input 
date by determining the material stoichiometry for the alloy you need to simulate, 
the layers width in the active region, material doping, number of layers (one or two 
periods in case of QCLs) voltage applied, temperature, strain and many other 
parameters. There is also flexibility of adding or changing the date simulated 
without changing the database file. After completing the input section, you will 
have to also write the output section to have what you need to simulate such as the 
number of wavefunctions and the eigen states and also whether you need the 
valence band splitting bands or not.
Finally, the software will give you the band structure with its calculation of the 
band offsets in a file and the wavefunctions and energy eigen states in other files. 
These files can be used in Origin lab software or Excel to plot the simulations.
Appendix C: the parameters used to simulate QCLs
We depended on our simulation on the data-base file without adding any change to 
the simulation code which can be overwrite the data on the data base file as we rely 
on the built-in data and because there is no changes found in the literature.
The table below shows the parameters used in Nextnano to simulate the QCLs 
studied
Parameter Value Note
Temperature 300 K
Flow scheme 21
solve Schrodinger equation only (not 
self-consistent calculation of 
Schrodinger-Poisson equation)
strain homogeneous-strain
domain-type 0 0  1 along z axis
z-coordinates 75.4 nm
Beginning and end of simulated region 
innm.
growth-coordinate-
axis 0 0  1
pseudomorphic-on InP
electric-field-
strength
125*10^ in units of [V/m], Here: 125 kV/cm
model-name effective-mass
Here is how to solve Schrodinger 
equation for electrons; quantum model, 
single band effective mass 
approximation.
boundary- Dirichlet Boundary conditions for z-axis, usually
VI
condition-001 either Neumann or Dirichlet.
separation-model eigenvalue
to determine separation between classic 
and quantum density
conduction-band-
numbers
1 2 3
select conductions bands (minima), 
here: gamma, X and L
number-of-
eigenvalues-per-
40 1 1
how many eigen energies are calculated 
for each band.
destination-
directory
wavefunctions
The name of the directory for the 
output o f solving Iband Schrodinger 
equation.
intraband-matrix-
elements
P
To calculate p, z or 0 matrix element, 
(yes) to calculate all o f them.
varshni-
parameters-on
yes use temperature dependent band gaps.
vu
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